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INTRODUCTION 


The maintenance of soil productivity depends largely on those fac- 
tors which are commonly referred to as farm practices, notably cul- 
tivation of the soil, crop rotation, the use of fertilizers and agricultural 
lime, land drainage, and irrigation. Taking into consideration all 
kinds of soils and the more or less established systems of agriculture, 
three of these farm practices assume outstanding prominence: (1) 
Cultivation; (2) rotation of crops; and (3) the use of fertilizers. 

Cultivation of the soil includes the preparation of a suitable seed 
bed and any subsequent stirring of the soil to kill weeds or to con- 
serve soil moisture. The preparation of the seed bed, a practice 
which has come down to us from times immemorial, is universally 
recognized as a necessary first step in the production of farm crops 
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regardless of the producing power of the soil, whereas the importance 
of subsequent cultivation or intertillage was not given general recog- 
nition in practical farming until near the close of the eighteenth 
century (14, pp. 148-176). 

Crop rotation—the growing of different kinds of crops in recur- 
ring succession on the same land—has been recognized by early 
agricultural scientists to be the foundation of the improvements 
in agriculture which took place in England, in large portions of con- 
tinental Europe and in the United States during fia Ipat part of the 
eighteenth and especially during the last century (9, p. 195). The 
benefits to be derived from the growing of leguminous crops in alter- 
nation with the cereals were distinctly recognized by the ancient 
Romans (2, 18); and the benefits of growing intertilled turnips or 
root crops in rotation with barley, clover, and wheat were discovered 
about, or after, 1730, in England. 

Fertilizers such as dung, marl, ashes, and green-manure crops 
were used in soil improvement in ancient times; but it was not 
until after about 1840 that chemical or manufactured fertilizers 
were known or received much recognition. In modern times, espe- 
cially in the older agricultural sections, the use of manure or chemi- 
cal fertilizers, or both, is commonly regarded as the paramount 
farm practice to assure successful crop production or to maintain 
the productivity of soils. The term fertilizer, as it is used in this 
bulletin, includes farm manure and chemical fertilizers. 

The fact that the value of fertilizers may be easily and definitely 
demonstrated on certain soils which are in need of special kinds of 
fertilizers or on soils low in producing power because of exhaustive 
cropping, has established the value of chemical fertilizers, partic- 
ularly in sections where fertilization practices have become estab- 
lished. And thus it seems logical to credit the bulk of crop yields 
in ‘these sections to the fertilizers used. It is not assumed that the 
value of crop rotation is entirely overlooked. On the contrary, the 
fact that in most of these older sections, where systems of farming 
have become more or less established, crop rotation is commonly 
practiced gives evidence of the recognition of its value. 

The effects of crop rotation on yields are manyfold: Rotation 
aids in controlling weeds and certain crop pests and diseases. It 
may render manure and chemical fertilizers more effective. It 
increases the soil supply of organic matter and nitrogen, improves 
tilth, and conserves the soil reserve of plant nutrients; and the 
different crops in themselves may exert beneficial effects on those 
which follow. 

The total effects of rotation when conjoined with fertilizers may 
be measured by determining the difference in the yields obtained 
with fertilizers in rotation and with the same fertilizers in con- 
tinuous culture; that is, when a crop is grown continuously on the 
same land. The questions now arise: (1) What is the value of crop 
rotation as compared with the use of fertilizers in crop production? 
(2) When a farmer combines the use of fertilizers with rotation of 
crops, do these two farm practices when thus conjoined produce 
additive effects in promoting increases in crop yields? (3) What are 
the comparative values of crop rotation and fertilizers in maintain- 
ing and increasing soil productivity ¢ 


1 Reference is made by number (italic) to ‘Literature cited’’ p. 68. 
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There is another reek of the question regarding the effects of 
rotation on crop yield, which is perhaps the more important one; 
namely, the value of crop rotation in relation to the national food- 
production problem. From this point of view, cultivation of the 
soil, crop rotation, and the use of fertilizers are still to be regarded 
as the dominant farm practices not only in maintaining but in increas- 
ing our Nation’s food supply. As regards its maintenance, much 
will depend on good cultivation and judicious use of fertilizers. 
But what of the value of crop rotation? As regards increasing our 
food supply, how much can the average yield of wheat or corn, for 
example, be increased by improving present methods of cultivation? 
How much additional increase can be effected by establishing more 
systematic crop rotation or by improving the rotations now bein 

practiced? And how much can these increases be augmented stil 
more by a more general and intelligent use of manure and chemical 
fertilizer ? 

PRIMARY OBJECTS OF STUDY 


Inasmuch as any attempt to answer these questions, especially as 
regards crop rotation, without any specific knowledge of the value 
of rotation may result in bare speculation, it seems logical to study 
experimental data with a view, in each case (1) to determinining 
some more or less definite measure of the value of rotation in crop 
prpsuchion, and (2) to comparing its beneficial action with that of 
ertilizers in maintaining and increasing soil productivity. These, 
briefly stated, are the primary objects of this study. 


METHOD OF STUDY 


Whatever method may be applied to experimental data in evalu- 
ating absolute or relative values of crop rotation and the use of 
fertilizers in crop production and in maintaining and increasing soil 
fertility, at least four conditions must be met experimentally before 
such values can be ascertained: (1) The value of the effects of crop 
rotation and the use of fertilizers must be based on long-continued 
fertility experiments; (2) in any particular case a crop must be 
grown with and without fertilizers in continuous culture and in rota- 
tion and on the same type of soil; (3) comparable yields must. repre- 
sent the same seasonal effects; and (4) the fertilizer treatment given 
a crop in rotation should be similar to that given in continuous 
culture. 3 

The fact that crop rotation is a system of cropping which extends 
over a longer or a shorter period of years necessitates a consideration 
of the long-time fertility tests. A fertilizer may be applied before, 
at, or after planting time, and the results may be measured, in part 
at least, the same year. Such a demonstration can not be made 
with crop rotation. A fertilizer is a definite, physical object which 
can be measured, weighed, and applied to a soil. A rotation, on 
the other hand, is something abstract, in that it possesses no material- 
ity or has no physical reality as does a fertilizer. It is, rather,*a 
concept connoting the attributes of a particular system of cropping, 
whose effects, in general, may be measured only after a series of 
years. 

From the four differently treated plots furnishing the basic data 
for this study are obtained, in each case, the following comparable 
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crop yields; the average yield without fertilizer and rotation (check- 
plot yield in continuous culture), the yield resulting from the use 
of fertilizer alone (yield from fertilized plot in continuous culture), 
the yield in rotation without fertilizers (check-plot yield in rotation), 
and the yield in rotation with fertilizers (yield from fertilized plot 
in rotation). 

Though this study calls for a consideration of the long-time soil- 


fertility experiments, yet the data of all such experiments can not. 


be used, since in some instances, those at State College, Pa., for 
example, none of the crops which make up the rotation are grown 
in continuous culture (3). 

The soil is an important factor in determining the comparability 
of continuous-culture and rotation yields in each experiment. For- 
tunately, in the long-time fertility experiments involving yields in 
rotation and continuous culture, practically the same kind of soil is 
under test in each case. 

The seasonal effects on crop yields are well known and are usually 
given careful consideration when comparisons are made of crop 
yields. In some of the long-continued experiments the rotation plots 
are repeated as many times as it is necessary to give the viald of 
each crop each year; whereas in other experiments there is no repli- 
cation of the rotation plots. In the case of the former experiments, 
an average yield in continuous culture for a series of years is com- 

arable with the average yield of the same crops grown in rotation 
or the same period of years. Such yields are comparable, since they 
include the same number of years and the same seasonal effects. On 
the other hand, in those experiments where the rotation plots are 
not repeated, an average yield for a series of successive years in 
continuous culture is not comparable with an average yield of the 
same crop grown in rotation for the same period, since the rotation 
average represents a less number of years and reflects a different 
combination of seasonal effects. In such cases comparisons between 
pertian'ar yields in continuous culture and rotation may be made 
y taking the average yield of a crop grown in rotation and com- 
paring it with the average of the yields obtained during the same 
years in continuous culture. At Rothamsted, for example, wheat is 
grown continuously on the same land and also in a four-year rota- 
tion which is represented by only a single series of plots. Experi- 
mental data for 72 years include 18 wheat yields in rotation and 
72 yields in continuous culture. An average yield of the 18 crops 
grown in rotation is comparable with an average yield in contin- 
uous culture only when the latter average is obtained from the 18 
yields which have been obtained in continuous culture during the 
same years that wheat has been grown on the rotation plots. 

Inasmuch as this study involves a consideration of not only the 
effects that rotation and the use of fertilizers have on crop yields 
when acting independently of each other, but also their conjoint 
effects, as compared with their single effects, it is important that the 
crops in rotation be fertilized the same as in continuous culture. This 
raises the question as to the kind of chemical fertilizers that should 
be selected for comparable yields. 

In some of the long-time experiments are included the results from 
chemical fertilizers which carry one, two, or all three of the major, 
nutrient elements; that is, nitrogen, phosphorus, and potassium. In 
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this study results from complete fertilizers have been selected, 
because it is to be observed that, in these long-time experiments, 
complete fertilizers are more consistently effective in maintaining 
and increasing soil productivity than those in which one or two of 
the major fertilizing constituents are lacking. Thus it seems logical, 
especially since results from manure are also included, to compare 
the value of rotation with the effectiveness of those chemical ferti- 
lizers which are most efficient in soil-fertility maintenance. The 
details concerning the composition of the fertilizers and the quantity 
applied are brought out in the discussion of each of the experiments 
sac have been selected for study. 


EXPERIMENTS SELECTED FOR STUDY 


From all published, official data it has been possible to select six 
groups of long-time experiments (Table 1) which satisfy the condi- 
tions discussed in the foregoing paragraphs. They are named in 
chronological order according to the dates when comparable yields 
begin, though in some cases the experiments were begun several 
years before the dates indicated. The results of these experiments 
are discussed in the order named. 


TABLE 1.—Long-time continuous-culture and rotation experiments 


Location 


Dates st ora is | Crops involved 


aay Hertford County, England____| 1851 to 1921, inclusive... Wheat and barley. 


LO | 1889 to 1918, inclusive-__-; as corn, oats, wheat and timo- 
} thy. 

OTT eee ee te aes 1894 to 1918, inclusive__| Indian corn, oats, and wheat. 

Germantown, Ohio-_________________________| 1903 to 1918, inclusive__| Tobacco. 

Wepana, til; Gforrow plots)-.-----.-/..-.--- | 1904 to 1917, inclusive.., Indian corn. 


Meianmieiss epg a iS A tt sede cet tury 1914 to 1919, inclusive__| Cotton. 


- DISCUSSION OF EVALUATION METHODS 


In evaluating the effects of rotation and of fertilizers on crop yields 
and in maintaining and increasing soil fertility, at least three methods 
suggest themselves. A discussion of these methods follows. 

In order to make the discussion concrete, the average of the results 
obtained with farm manure on corn at Columbia, Mo., will be used, 
as follows: 

Yield without manure and rotation (cultivation alone, c)—22.4 
bushels. 

Yield with manure but without rotation (¢ and fertilizer, f)—37.1 
bushels. 

Yield in rotation without manure (c and rotation, r)—37.5 bushels. 

Yield in rotation with manure (c, r, and f)—47.7 bushels. 

For convenience, continuous culture without fertilizer or manure 
will be called simply cultivation, including the tillage necessary in 
the preparation of the seed bed and any subsequent cultivation, 
whose effect will be indicated by small c. Rotation and fertilizer 
effects will be indicated by small r and f, or capital R and F, respec- 
tively, indicating different values for rotation and fertilizers. In 
all cases the effects of cultivation, rotation and fertilizers will be 
evaluated in terms of yield units, as absolute values, representing 
either actual yields or increases effected. 
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The increase effected in the yield of a particular crop by rotation 
alone when it is combined with cultivation may not be equal to the 
increase effected when rotation is added to the combined practices 
of cultivation and the use of fertilizer. In like manner the increase 
effected by the use of fertilizer may differ. Thus, small r will indi- 
cate the effects of rotation when it is combined with cultivation 
alone, and capital A will indicate its effects when rotation is added 
to the combined practices of cultivation and the use of fertilizer. 
The value for R (with fertilizer) may be either greater or less than 
the value for r (without fertilizer). In a similar manner, small 
will indicate the effects of fertilizer when it is used without rotation, 
and capital /’, the effect when the use of fertilizer is added to rota- 
tion. In the data which follow, it will be shown that the value for 
F (with rotation) is often greater than the value for f (without 
rotation). 

The different values for rotation and for the use of fertilizer ma 
be illustrated in the following manner, using the same results wit 
manure on corn at Columbia, Mo.: 


CasE I 
Bushels 
Yield in continuous culture without any. fertilizer (c)_.._......_.__.-.---- 22. 
Gain effected by use of manure in absence of rotation (f)___._-......_----_- 14. 7 
Additional gain effected when to use of manure is added rotation (R)____- 10. 6 
Yield resulting by adding rotation to the use of manure______---_-_-- 47.7 
Case II 
Bushels 
Yield in continuous culture without any fertilizer (c)__.__--_.---------- yyn 
Gain effected by rotation in absence of manure (r)____.---------------- 15. 1 


Additional gain effected when to rotation is added the use of manure (F)_-_ 10. 
Yield resulting by adding the use of manure to rotation___-__._._- 47.7 
FIRST METHOD, INVOLVING ASSUMPTIONS 


Ordinarily, the evaluations of rotation and of fertilizers, as effect- 
ing increases in crop yields, are calculated as follows: 

Rravure without rotation, 37.1—22.4; that is, cf—c, or 14.7 
bushels. 

Rotation without manure, 37.5—22.4; that is, cr—c, or 15.1 
bushels. 

Manure and rotation conjoined, 47.7 — 22.4; that is, cfr—c, or 25.3 
bushels. 

And further, the effect of manure in rotation is ordinarily measured 
as the difference between 47.7 and 37.5; that is, cfr—cr, or 10.2 
bushels. Since the conjoint action of rotation and manure has 
effected an increase of 25.3 bushels in the yield, it seems reasonable, 
in order to determine what portion of this total increase should be 
credited to rotation, to take the difference between 25.3 bushels and 
10.2 bushels, thus arriving at a difference of 15.1 bushels as a value 
for the effect of rotation (2) when conjoined with the use of manure. 

Thus, according to this method, rotation without manure effected 
an increase of 15.1 bushels, whereas manure without rotation effected 
an increase of 14.7 bushels. When acting conjointly, rotation is: 

iven . value of 15.1 bushels of increase, and manure, a value of 10.2 
ushels. 
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The above method is subject to criticism, because two assump- 
tions are involved. First, in arriving at the values of the effects of 
rotation (r) and manure (f) when acting independently of each other, 
it is assumed that the effects of cultivation are the same when con- 
joined with rotation or manure as when it is acting alone. The same 
assumption is made in evaluating the conjoint effects of rotation and 
manure. This assumption, in all probability, does not distort the 
true values of rotation and manure very much one way or another, 
since cultivation is the one factor which is involved in all the yields 
compared; and, moreover, there seems to be no way to determine 
whether or not the effects of cultivation represent the same value 
in all the comparable yields. 

The second assumption made is that the effect of rotation (2) when 
conjoined with manure is the same as when it is acting independ- 
ently of manure. It seems reasonable to believe that rotation must 
exert some effect on manure, and that manure, in turn, must have 
some effect on the efficiency of rotation. In other words, it seems 
highly probable, as analysis seems to show, that there is an inter- 
action between rotation and the use of manure when these practices 
are combined. 

If the formula cfr —cr (47.73 — 37.5) is correct in arriving at a value 
of 10.2 bushels of increase for manure (/’) when conjoined with rota- 
tion, it is just as logical and correct to use the formula cfr—cf 
(47.7 — 37.1) to arrive at a value of 10.6 bushels for the effects of rota- 
tion (2) when this practice is conjoined to the use of manure. Ina 

revious paragraph, the effect of rotation has been evaluated at 15.1 
Bechcls of increase when conjoined with manure, or the same as 
when rotation acts in the absence of manure. According to the 
second formula, the rotation value is not the same, but less by 4.5 
bushels. 

It is a fact that must be accepted that the conjoint effects of rota- 
tion and manure resulted in an increase, in this particular experi- 
ment, of 25.3 bushels over cultivation alone. In arriving at this 
value no assumptions are made. However, it can not be deter- 
mined just how much of this total increase should be credited to 
rotation or to manure. According to the above analysis the value 
for rotation (), when joined to the use of manure, must lie some- 
where between 10.6 bushels and 15.1 bushels; and the value for the 
use of manure (/’), when joined to rotation, between 10.2 bushels 
and 14.7 bushels. 


SECOND METHOD 


Another method that suggests itself in this study is to consider 
the effects of cultivation, rotation, and fertilizers from the point of 
view of farm practices, and to evaluate their effects on crop yields 
in terms of the differences in the average yields obtained. Thus, 
taking the same Missouri results with manure on corn, as used for 
ilustration, the practice of cultivation alone resulted in an average 
yield of 22.4 pushes per acre; of combining the use of manure with 
cultivation, 37.1 bushels; of combining rotation of crops with culti- 
vation, 37.5. bushels; and of combining all three practices, 47.7 
bushels per acre. Since in these evaluations no assumptions are 
involved, this second method is the first of two methods used in 
this study. 
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The practice of using manure without rotation resulted in an 
increase of 14.7 bushels over cultivation alone, and the practice of 
rotation of crops without the use of manure resulted in an increase 
of 15.1 bushels over cultivation alone. Hence, under the conditions 
of the Missouri test the practice of rotation without the use of 
manure produced practically the same effects as the practice of 
using manure without rotation. 

The practice of conjoining rotation of crops and the use of manure 
seAalvce. in a gain of 25.3 bushels over cultivation alone, which is 
within 5 bushels of the sum of the separate effects of rotation and 
the use of manure. In other words, when under the conditions of 
the experiment the practice of crop rotation and the use of manure 
are conjoined, the effects produced on the crop yield were nearly 
fully additive, or nearly as leeee as the sum of their separate effects. 

The formula cr—c gives the value for the effects of rotation when 
practiced independently of the use of fertilizers. This value of 
rotation (7), in the experiment cited, is equal to 15.1 bushels of 
increase. 

When the use of manure and rotation are practiced conjointly, 
from cfr—cf we derive another value for rotation, being the actual 
increase effected when to the use of manure is added rotation of 
crops. ‘This value for rotation (#) includes not only the effects of 
rotation in itself but, in addition, any effect that it may have on 
the condition of the soil or in increasing or decreasing the efficiency 
of the manure as compared with its effects when acting in the absence 
of rotation. In this case the value for rotation (A), in the illustra- 
tion used, is equal to 10.6 bushels of increase. 

The formula cf—c gives the value for the effectiveness of the use 
of manure when practiced in the absence of rotation. This value 
for manure (f), in the experiment named, is equal to 14.7 bushels 
of increase. 

From the formula cfr—cr we derive another value for the effects 
of the use of manure, being the actual increase effected when to 
rotation is added the use of manure. This value for the use of 
manure (f’) includes not only its direct nutritive value (be it greater 
or less than when it is used without rotation), but, in addition, any 
interactive effects due to conjoining the use of manure and rota- 
tion of crops. In this case the value for the use of manure (/), 
in the illustration used, is 10.2 bushels of increase. 


THIRD METHOD 


The method selected for evaluating the beneficial effect of rota- 
tion and fertilizers involves only a comparison of the effects of the 
ractices of rotation and of the use of fertilizers on crop yields, and 
it does not show the effects resulting from rotation and the use of 
fertilizers in relation to the maintenance and increasing of soil pro- 
ductivity. This necessitates a somewhat different method of study. 
Maintaining soil productivity implies holding or keeping up the 
productive power of the soil. In case of any one of the long-time ex- 
periments, the average yield of a crop at the beginning of the experi- 
ment must be taken as the yield to be maintained, or it may be 
termed the maintenance yield, from which the values of rotation 
and the use of fertilizers in fertility maintenance are to be reckoned, 
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and from which rotation and fertilizer values in increasing productiv- 
ity are to be measured. 

A concrete illustration may help to make clear the application of 
this method. The same results obtained with manure on corn at 
Columbia, Mo., as used in the previous discussions, will be used. In 
Figure 1 are given the average yields per acre for the period, 1894 
to 1918, in a semidiagrammatic form, showing the comparable aver- 
age yields and their relative positions with reference to the main- 
tenance yield of 33.5 bushels, the 5-year average yield at the begin- 
ning of the experiment, for the period, 1889 to 1893, mclusive. 

It is to be observed that cultivation alone (c) fell short 14.5 bushels 
in maintaining the yield obtained at the beginning of the experi- 
ment; the practice of combining the use of fertilizer (manure) with 
cultivation (cf) resulted in a slight gain of 0.3 bushel, above the main- 
tenance yield; the practice of combining rotation with cultivation 
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Fic.1—A representation of the results ofaseries of long-time fertility tests on corn at Columbia, 
Mo., showing the relation of comparable yields to the maintenance and the increasing of soil 
productivity. Small ¢c indicates the effects of cultivation alone; f, the effects of fertilizer 
(manure); and r, the effects of crop rotation 


(er) increased soil productivity by 5.8 bushels per acre; and the 

practice of combining cultivation, rotation of crops, and the use of 

en increased the productivity of the soil by 15.4 bushels 
-9 —338.5). 

The difference between the yields of 48.9 bushels (cfr) and 19.0 
bushels (c) simply gives a measure of the difference in the producing 
a of the soil as effected by the two different practices indicated. 

n the other hand, the difference between the yield of 48.9 bushels 
(cfr) and 33.5 bushels (maintenance yield) measures the effects of the 
conjoint action of cultivation, rotation, and fertilization in increasing 
soil fertility. Likewise, the true measure of the value of manure in 
increasing productivity during the period of the experiment is not 
the difference between the yields of 33.8 bushels (cf) and 19.0 bushels 
(c), but the difference between 33.8 bushels (cf) and 33.5 bushels 
(maintenance yield}. Thesame argument holds in case of rotation. 

In this particular experiment, it is to be noted that both rotation 
(r) and manure (f) maintained soil productivity. Since the yield to 
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be maintained is 33.5 bushels, the full effectiveness of rotation alone, 
in its relation to fertility maintenance, may be expressed as 117.3 
per cent; and that of manure alone, 100.9 per cent. Thus the rela- 
tive value of rotation, as compared with manure, in maintaining 
productivity may be expressed as 116.2 per cent. 

As regards increasing soil productivity, when the use of manure is 
combined with cultivation the increase in yield, resulting from these 
combined practices, is only 0.3 bushel (33.8 —33.5). When rotation 
is combined with cultivation the increase is 5.8 bushels. But when 
rotation and the use of manure are conjoined, the increase in yield is 
15.4 bushels, which is nearly 152.5 per cent greater than the sum of 
the increases resulting from rotation and fertilization when practiced 
independently of each other. 

The long-time experiments included in this study have to do with 
six major ily a and the average yields at the beginning of the experi- 
ments vary from rather low to medium—yields which are accepted 
as indicating the fertility of soils that have gone through the “ vir- 
gin’’ period of cropping, and which make Srinerte a study of the 
values of crop rotation and the use of fertilizers in increasing soil 
productivity. 


EFFECTS OF CROP ROTATION AND THE USE OF FERTILIZERS ON 
CROP YIELDS 


ROTHAMSTED EXPERIMENTS WITH WHEAT AND BARLEY 


The more systematic fertility experiments at Rothamsted were 
begun in 1843; those with wheat grown in continuous culture were 
begun on the Broadbalk field in 1843, and those with barley in con- 
tinuous culture, on the Hoos field in 1852. The rotation experi- 
ments were begun on the Agdell field in 1848—the rotation consist- 
ing of rutabagas (Swedish turnips), barley, clover (or beans) or fal- 
low, and wheat (4, pp. 31, 70, 190). In this study only the four- 
crop rotation has been considered: Rutabagas, barley, legumes, and 
wheat, grown in the order named. From the above dates it is to be 
observed that comparable wheat yields begin with the year 1851, 
and those of barley with 1853. Since the rotation plots are not 
xabeaied, wheat and barley are grown every fourth ‘Seps on the Agdell 
field; on the Broadbalk and Hoos fields, respectively, they are grown 
every year. On the rotation plots rutabagas receive all the ferti- 
lizer; on the continuous-culture plots, wheat and barley are ferti- 
lized annually. : 

Having determined the values of crop rotation and of fertilizers 
in increasing soil productivity, these values, although calculated 
from the comparatively low maintenance yields of the long-con- 
tinued experiments, should serve just as well in emphasizing the 
values of rotation and of fertilizers in fertility maintenance under 
conditions of higher productivity. 

One more word in reference to rotation and fertilizers in fertility 
maintenance: Just how long an experiment should run to determine 
the true values of rotation and the use of fertilizers in maintaining 
productivity is difficult to state; probably 30 or 40 years would suf- 
fice. More carefully planned experiments seem necessary and advis- 
able, to enable the gathering of more facts on a problem which is so 
intimately associated with the Nation’s food-production problem. 


— 
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Such a study of crop rotation and the use of fertilizers from the 
points of view of maintaining and increasing soil fertility gives added 
value to all long-time experiments involving continuous-culture plots. 

To return to the first question proposed, concerning the compar- 
ative effects of rotation and the use of fertilizer on crop yields: 

The soil of the three named Rothamsted fields consists of “ ‘rather 
a heavy loam resting upon chalk.’ * * * Notwithstanding the 
irregularity of the subsoil, the agricultural character of the soil is 
fairly uniform all over the estate; some fields work rather more 
heavily than others, and the proportion of stones lying on the sur- 
face varies somewhat, but these differences are comparatively unim- 
portant. Thesoil passes into the subsoil without any sharp line of dis- 
tinction, and the distribution of flints in the subsoil is very irregular, 
are the solid chalk is reached at depths varying between 8 and 12 

eet. 

“Tn the Rothamsted arable soils * * * there has always been 
sufficient carbonate of lime to keep up a neutral-condition and put 
out of action any acid as fast as it was produced. However, it was 
observed later that one of the Rothamsted fields did contain plots 
on which the soil had become acid through the application of ammo- 
nium salts year after year for a long-period; this was the Park grass 
field, which is cut for hay every year,” a field not included in this 
study (4, pp. 24, 25, 292, 298). 

The Rothamsted soil is very old, agriculturally. In 1881 Sir John 
Lawes said of it: “At what period my land was first brought into 
arable cultivation it is impossible to say, but at Rothamsted I have 
records which prove that wheat and other corn crops (meaning small 
grains) were grown 250 years ago upon these same fields which are 
now under experiment; there are, however, no data to show how often 
a field was cropped in succession.” (8, p. 12.) 


EXPERIMENTAL DATA 


The data presented in Table 2 show the comparative effects of 
crop rotation and the use of fertilizers on the average yields of wheat 
and barley for a period of 72 years on the old arable soil at Rotham- 
sted, when rotation and the use of fertilizer are practiced independ- 
ently of each other. The first wheat yield in rotation on the Agdell 
field was obtained in the year 1851, and other yields were obtained 
every fourth year up to and including 1919. This gives a record of 
18 crops of wheat grown in rotation, the average yield of which is 
compared with the average yields obtained in the same years on nine 
different plots on the Broadbalk field where wheat is grown in con- 
tinuous culture. Each of the latter averages, therefore, represents 
18 yields obtained during the same years that wheat has been grown - 
on the rotation plots. 

Since the experiments with barley in continuous culture were not 
begun until 1852, the first comparable yields of this crop were ob- 
tained in 1853, the second year of barley in rotation. Comparisons 
in average yields of barley are made in a similar manner as in case of 
the wheat. Thus each of the average yields of barley on the Hoos 
field represents 18 crops which were grown during the same years in 
which barley has been grown in rotation. 
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In the last two columns are given the increases in yields of both 
wheat and barley over the respective check plots in continuous 
culture. These gains express the absolute values of crop rotation 
and the use of fertilizers in effecting differences in yields on these 
particular plots. 


TABLE 2.—Comparative effects of crop rotation and the use of fertilizers on the yields 
of wheat and barley at Rothamsted (15) 


{Crop rotation and the use of fertilizer acting apart from each other] 


| Soil treatment (fertili gi i isles Increase van t 
: r ertilizers given in yield per ue to 
Field and plot No. | Crop pounds per acre annually) acre (18 ba fertiliz- 
crops) ! ers 


| Bushels?| Bushels | Bushels 


Agdelle rotation field Wheat-__| Check plot, no fertilizer—rotation only-. 24. 05 Ry eee ee TE 
6-0. | 
Broadbalk, continu- 
ous culture: 
ara. Anuar 52-10.) Check plot, no fertilizer............_---- 12: Bit a Jee 
i eee Sas Sa |¢ OW 400 pounds ammonium salts 4 (86 pounds | Hie | ee ee 7. 02 
} N, or 2N). 
Te Fs ae | 400 pounds ammonium salts, 392 pounds OE 62). cect etc 10, 29 
superphosphate (2N, P). 
Ba. te et 3.@YL-s 792 pounds minerals, no nitrogen (P, K)- 15 OO Btls 2. 67 
CPL ae er Se: eee Minerals and 200 pounds ammonium pS Cee ep ee ae © 11. 25 
salts (N, P, K | 
(2 eee ja at 0 ae Minerals and 400 pounds ammonium 82) DOs | eee 19, 87 
Ls Belts (IN. PK). 
Ep ep ete ee do_..23 Minerals and 600 pounds ammonium 8 G8) bGs2 20-2) 24. 35 
| salts (3N, P, K). 
abi Let fide, _ Fe | Minerals and 550 pounds nitrate of soda 32/61 {f2_. Ue 19. 68 
bn GNP; dé): 
ae eS El tars SPP ee: 2 TOUS JaPYR INBUULO. coe ec Poonc ka G4 | cee eaee es 22. 57 
Agdell, rotation field | Barley_.| Check plot, no fertilizer—rotation only-. 21. 81 786 EEYTOoas 
Hoos, continuous cul- 
ure: 
ete ee (ae me | Check plot, no fértilizer_......--.-._-._- 14, DORec e eee 
LT. agg he a es Ci alien | ee? une ammonium salts (43 pounds eT. Be 10. 81 
ay ee a (ae | 275 pounds nitrate of soda (43 pounds N)- 7 ies | eae ea M. 26 
720 OSRRGENC Sells pee }. eo se ee | 392 pounds superphosphate (P)-___..---- DOUASS a ees 6. 32 
a) Nee ee ee ee ame 0 (eee ae , 200 pounds ammonium salts, 392 pounds 87; Osseo se 23. 92 
superphosphate (N, P). 
7 EY... Ge: mene ol JG cea | 275 pounds nitrate of soda, 392 pounds AZ; 80 |e--c-bee 29. 74 
superphosphate (N, P). 
4-O | $29. 2b ibs le doresre 792 pounds minerals, no nitrogen (P, K) -- 2b B83) LLL bis 7. 32 
y SY. Ve eee eas eae | Minerals and 200 pounds ammonium A180 Lame ee 27. 83 
salts (N, P, K). 
AR ASAT. Fo gots. \-- 200k oe iorate end 275 pounds nitrate of soda AB+ 51 bee aaep ee: 29. 45 
(N, P, K). 
(cri ¥ Sees Se eee |.--do Rte J 14 tons farm Manhure.'. £4. 5/25 1.-242L-L-- 48, 04;)_ .Losiek 2 33. 98 


MAS 18 crops of wheat or barley in continuous culture correspond to the 18 wheat or barley years in 
rotation. 

2 Winchester or American bushels. One imperial or English bushel equals 1.032 American bushels. 

3 Difference in yield between check plots in rotation and in continuous culture. 

4In each case ammonium salts include equal parts of sulphate and chloride. 

5 In each case minerals include 392 pounds of superphosphate, 200 pounds of sulphate of potash, 100 
pounds sodium sulphate, and 100 pounds of magnesium sulphate. 


In case of the wheat, it is to be observed that rotation effected a 
larger increase in yields than the following annual applications of 
chemical fertilizers in continuous culture: 400 pounds of ammonium 
salts; 792 pounds of a mixture of ammonium salts and superphos- 
phate; 792 pounds of mineral salts containing both phosphate and 
potash; and a mixture of chemicals containing, in addition to sodium 
and magnesium sulphates, 200 pounds of ammonium salts, 392 pounds 
of superphosphate, and 200 pounds of sulphate of potash. The effec- 
tiveness of the fertilizer applications made on plots numbered 7, 8, 9, 
and 2, (Broadbalk field) is, in each case, greater than that of rotation. 
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This greater effect, however, has little or no meaning from the point 
of view of practical farming, since these fertilizer applications are so 
at variance with modern fertilizer practices. Even an annual acre 
application similar to that made on plot 6 may be regarded as exces- 
sive; if not excessive, certainly uneconomical. 

The value of rotation in maintaining the barley yields is greater 
than that of 392 pounds of superphosphate, in continuous culture, or of 
a mixture of chemicals containing 392 pounds of superphosphate and 
200 pounds of sulphate of potash. In comparing plots 4—A, Hoos field, 
and No. 6, Broadbalk field, it appears that this particular fertilizer 
treatment is much more effective on barley than on wheat. 

Of the different fertilizer treatments indicated in Table 2, only 
two can be considered in further study: No. 6 on the Broadbalk 
field and 4—A on the Hoos field, since the treatments on these plots 
come nearest to being comparable with those on the fertilized plot 


2-C, Agdell field. 


ROTATION AND THE USE OF FERTILIZERS CONJOINED 


In order to compare the effects of rotation and the use of fertilizer 
when practiced independently of each other with their effects when 
these practices are conjoined, it is necessary that the same kind and 
quantity of fertilizer be used per acre on a crop in rotation as when it 
is grown in continuous culture. On the rotation plots on the Agdell 
field, plot No. 2 in series C receives the same kind of fertilizer salts 
as plots No. 6 on the Broadbalk field’ and 4—A on the Hoos field. The 
quantity applied per acre in each case, however, is not the same for 
the rotation period. Nevertheless, these are the best comparisons 
possible on the Rothamsted fields. 

In Table 3 are shown the kinds and quantities of fertilizer materials 
that are applied on the three plots under consideration. 


TABLE 3.—Fertilizers applied on three plots at Rothamsted 


| 


Pounds of fertilizer salts applied per acre Total 
Oey es Ree 
: or eae 
Field and plot No. Crop Ammon-}. Super- | Sulphate} gogium | Magne: | rotation 
ium! phos- oO Sniniate sium period 
| salts phate | potash | SUP sulphate | (pounds) 
—|— a we 
Agdell 2-C__. 2). 232... Rutabagas_--_-_-_- 200 392 500 | 100 200 
BANG Wee. == |S oo eee os ope ee et tealsheacnchcen ce ee 1. 392 
Woemismes Nees oh By | Site sonkentesscs secretes . 
Wiltan iyo 2 iss os i See a eed cheeses pares eee 
“OE Sy, aa | Bawleyes 2 8222 200 | 392 200 100 100 3 968 
Pend palk G56 32 Wiltenpae 22. 200 392 200 100 100 3, 968 
! 


1 Equal parts of ammonium sulphate and ammonium chloride. 
2 Continuous culture, fertilizers applied annually. 


It is to be observed that nearly three times as much fertilizer is 
used per acre on the plots in continuous culture per rotation period 
as on the plot in rotation. Furthermore, on the Agdell field no 
direct application of fertilizer is made to either wheat or barley in 
the rotation. Barley thus receives the residual effects of the ferti- 
lizer one year after its application in the rotation, and wheat receives 
these effects three years after. These points must be kept in mind 
when the following results are considered. — 
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In Table 4 are presented the yields of wheat on the Broadbalk 
and Agdell fields for each year that wheat has been grown in rotation 
on the latter field. In Table 5 are given similar data for barley. 
These results are here given in detail so as to form the basis for fur- 
ther study. 


TABLE 4.—Yields of wheat grown in continuous culiure and in roiation, Rothamsted 


{Yields in Winchester or American bushels] 


Yields per acre on the : i 
Broadbalk field, contin- Yields per acre on the Ag 


uous cultute dell field, rotation 
Years ‘4 
Unfertilized | Fertilized Unfertilized Fertilized 
plot 3 plot 6 plot 6-O plot 2-C 
Bushels | Bushels Bushels |  Bushels 
AS eens oe rn Se ee ee 16. 38 do. 22 29. 41 | 29. 80 
ROTTS SME See SRS ER A ee. 2 Be eee 17. 54 | 28. 90 36. 38 | 38: 57 
HNL ob hl Oe ees eae ee 18. 96 30. 81 36. 38 41. 02 
UGS ey ti ea EES BPO te ale py aetna OE be Ao fy 17. 80 40. 89 3D: 22 | 47. 60 
DRC eee aA oh) Drie Pee oe ee 9. 16 16. 25 21. 67 24. 51 
Bile teed eS $e et hh ee ery ee 9. 68 17. 54 21. 29 | 24. 76 
Pay cepa eee on ee Sg ce Sh: eet a ee ae 8.90 | 16. 80 22. 32 32. 90 
ye ae BPs SiG T Soy BE 4.90 | 10. 84 10.71 | 13. 42 
Ths Gah SE Ry ABER ECSU Yee Shed yA dee LY 14, 32 | 28. 51 30. 32 | 46. 57 
De ett alls Na ly gsc Mie et Aan cia TOES, A Pec 6 EMS 15. 35 J} 24. 00 26. 45 | 43. 60 
‘ty EE ey ees oO ea ae eee Pes Ae ees ae 2) a 14. 19 26. 96 30. 44 | 45. 80 
2S Epes ahaa pi ot ee TE Sa NEY 10. 32 21. 80 23. 99 40. 25 
mpeeer ec ehr ess. feel. eel lee) betters a 12. 38 19. 35 ol. 22" | 44. 25 
UA Se ONE = a i ie oe Maes SOS oF 7. 84 | 18. 37 19. 74 | 29. 15 
fl PE Bo ppl SSR I el cl eel gp ieee: Mitel J he] 9. 39 | 24. 67 22. 08 | 30. 24 
Lt ae OS PE rere ys ee ees ee ce ee ee Ce Ee | 12.90 | 17. 75 25. 28 | 39. 22 
Los ES She oe ere RR ee Eee 12. 49 DISDD 6. 50 | 10. 84 
Bn elite SPY dae BE LO TO Oo | 9. 49 20. 12 3. 51 | 2.27 
ALVeYnye ls CLODS) Gec cate e ake oe | 12. 33 | 23. 58 24. 05 32. 49 
if 


TABLE 5.—Yields of barley grown in continuous culture and in rotation, Rothamsted 


[Yields in Winchester or American bushels) 


Yields per acre on the 


: Yields per acre on the Ag- 
lan continuous dell field, rotation 
Years | 
Unfertilized | Fertilized | Unfertilized | Fertilized 
plotl-O | plot4-A plot 6-O plot 2-C 
Bushels Bushels Bushels Bushels 
Sie te ot AN aegee  h  oee Lu 26. 57 | 39. 47 35. 48 39. 47 
SU 2 et as rear a ee ne ee 26. 96 59. 22 50. 05 49. 54 
UE open Se EAE Ba SR Ne SS ee 16. 77 56. 38 39. 86 62. 57 
POG Me es La clout Viper ah me! PN ee 18. 58 | 47. 99 40. 25 49. 02 
THETA ay SV SR a oe ea ee 15. 74 50. 83 25. 41 44, 25 
Th ese ee Se as Bp. sah (Se eee eed 14, 45 | 48. 38 24, 25 32.77 
Te (SET aa AG BERGE RS EER YT is BA eee pene re 17. 67 | 52. 12 24, 25 35. 86 
TCHS coe SN ES en atte ee = ellen ee Ma AO Sap ae 18. 45 43. 98 27. 61 36. 51 
eye ere ie eis ee 9. 55 33. 02 12. 51 35. 86 
TDS et 9S Leah be ER dl ee Pe ee eee ee 11. 61 36. 89 11. 35 27. 48 
TUR se ee Se: Se eee ee Se ee 8. 41 31. 73 17. 42 20. 90 
INSU (SRS oo Sah ae yc ae oR I Eyes ST a a 2 5. 20 31. 48 11. 87 81. 22 
OO Leceiete | oie rh nt eye hae ess Ss FTES. ESS 5. 20 25. 54 23. 99 27. 09 
SAS TVs tpt eh apa fe I ta NS SPs aN 6. 71 36. 64 VPs} 32. 41 
TET ees Ta BES 8 0 foe ak Eee ed | eS a SE 13. 42 45. 72 10. 32 34. 47 
TRU a ee ee ae © eee oe eee eee 21. 78 65. 64 25. 39 33. 54 
AO (ee eee ae en ee ee ee Ae ee 8. 15 Ward 2. 58 15. 48 
"Ts 74 ROA BEE Me ER ge ee a 7. 84 31.27 | 2, 48 26. 52 
Average (18 crops)... ...--...222222--22-- | 14. 06 41.89 | 21.81 35. 27 
k | 


The results of a study of the averages of these wheat and barley 
yields obtained at Rothamsted are summarized in Tables 6 and 7. 
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TaBLE 6.—Effects of crop rotation and the use of fertilizers on the yields of wheat 
and barley at Rothamsted 


[Rotation and fertilization practiced separately] 


aa 
| | 
| 


Relative 
| value of 
Increase | crop rota- 
Average | overcheck |tionascom- 
Crop and cultural conditions yield per plotincon- pared with 
acre | tinuous | fertilizer in 
| | culture (c) | effecting 
| | larger 
yields ! 
Wheat: Bushels | Bushels | Per cent 
Rotation without fertilization (r) 3.......-..-.222--2-2--2-2-2LL 24; 05° || 123 72 104. 2 
se of fertilizer-without rotation (f) *..—._-=.- -202-. 4s_- 2.282 23. 58 | 11:25 ie se ee 
Barley: | 
Rotation without fertilization. (r)...-------=-------+----------+-- 21. 81 | 7.75 | 27.8 
Use of fertilizer without rotation (/)-_---.----_-------.------.--- 41.89 | 21208. os ema 


1 Relative value of rotation obtained by dividing the increase from rotation (r) by the increase from the 
use of fertilizer (f). 

2 Small r indicates the effect of rotation when practiced independently of fertilization. 

3 Smail f indicates the effect of fertilization when practiced in the absence of rotation. 

It is to be observed that, in case of wheat, crop rotation without 
fertilization is 104.2 per cent as efficient as the use of chemical fer- 
tilizer without rotation in effecting increases over the check plot in 
continuous culture; whereas in case of barley, rotation is only 27.8 
per cent as effective as the chemical fertilizer. 

In Table 7 are shown the conjoint effects of crop rotation and the 
use of fertilizer. Under the caption heading of the fourth column 
are given the values of rotation (2) and the use of fertilizer (7). 
Capital R represents the average increase in crop yield that was 
effected by adding rotation to cultivation and the use of fertilizer, 
as derived from the formula cfr — cf; and capital F represents the 
average increase that resulted when to cultivation and rotation was 
conjoined the use of fertilizer, as derived from the formula efr — cr. 

In the fifth column are given the relative values for #2, as obtained 
in each case by dividing the absolute value for R by the absolute 
value for F. 

In the last two subcolumns are compared the sum of the increases 
effected by rotation and fertilization when practiced independently 
of each other and the actual increase effected when the two practices 
are combined. 


TABLE 7.—Relative values of rotation and additive effects of rotation and the use of 
fertilizers when the two practices are combined 


{Rothamsted, results of 72 years] 


| Additive effects of 
Pee ot f | rotation and fer- 
tilization 


Sum of | 
: Actual 
Average Relative se increase 
Crop Cultural conditions yield | | value b - os | effected 
per acre of R? lap ah by con- 
R F Ni eas joining 
| fertiliza- | -otation 
tion when| ‘hd fer- 
| practiced | “tijiza- 
separate- tion 

tly (r+) 
Bushels | Bushels | Bushels | Per cent | Bushels | Bushels 


‘Wheat... __- Rotation and use of fertilizer-_ 32. 49 8.91 | 8. 44 105. 6 22. 97 | 20. 16 
pT) Pe ee ee See eR PR eee 35. 27 13. 46 —49.2 | >> 35.58 21. 21 


effected by adding fertilization to rotation. 
1 Relative value of Ras R:F, or R+F. 
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‘It is to be observed that the increase (f) effected in the yield of 
wheat by adding rotation to the use of fertilizer is about equal to 
the increase (/) effected when the use of chemical fertilizer is com- 
bined with the practice of rotation. This is indicated by the rela- 
tive value of 105.6 per cent for R. In case of barley, R has an abso- 
lute negative value of —6.62 bushels, or a negative relative value of 
—49.2 per cent. These negative values for R may be explained, 
at least in part, by the fact that the fertilizer treatments given to 
barley in rotation and continuous culture are not exactly compara- 
ble, since no fertilizer is applied directly to the barley crop in rota- 
tion, whereas in continuous culture a liberal direct application is 
made annually. (See Table 3.) 

Combining the rotation and fertilization practices effected a total 
increase over the check plot in continuous culture, of 20.16 bushels 
of wheat, which increase 1s greater than the gain resulting from either 
rotation or the use of fertilizer alone. This fact defines and illus- 
trates the meaning of the expression “additive effects of rotation and 
the use of fertilizers’’ as it is used in this bulletin. This definition 
is in harmony with the meaning ‘tending to increase.’”’ That is to 
say, the yield of wheat, for example, is increased when to rotation is 
added the use of fertilizers, or when to the use of fertilizers is con- 
joined rotation. 

Three possibilities may result from conjoining the practices of 
rotation and of fertilization: The total increase resulting may be 
equal to, less than, or greater than the sum of the increases effected 
by rotation and fertilization when practiced independently of each 
other. In describing these additive effects the following expressions 
are used: ‘Fully additive,’ “‘less than fully additive,” and “‘more 
than fully additive,” respectively. ‘The data in Table 7 show that, 
on wheat, the effects produced in conjoining rotation and the use of 
chemical fertilizer are somewhat less than fully additive; while in 
case of barley, the combined effects are not additive, reflecting, no 
doubt, the difference in fertilizer treatments and the different habits 
of the barley plant as compared with wheat. 

In discussing the yields of barley grown in continuous culture, 
Lawes and Gilbert stated that results, as compared with wheat, 
were dependent on the differences in the habits of the two plants. 
Wheat, babii of its greater root system, gains possession of a much 
greater range of soil, especially in depth, than barley; barley, on the 
other hand, is a surface feeder and hence relies in a much greater 
degree on the nutrients within the soil near the surface. Accord- 
ingly, barley is found to be more benefited by direct applications of 
Gon than is wheat when sown under equal soil conditions (9, 
p. 100). 


DIAGRAMMATIC SUMMARY OF ROTHAMSTED RESULTS 


Figure 2 represents in diagrammatic form the average wheat and 
barley yields that have been obtained on the four Rothamsted plots 
herein considered, summarizing the following points: The portion 
of each yield (in bushels) that is credited to cultivation alone (ce), 
that is, the yield obtained in continuous culture without fertilizers; 
the increase effected by combining rotation or the use of chemical 
fertilizer with cultivation; and the total increase effected, over culti- 
vation alone, by conjoining rotation and the use of fertilizer. 
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The third bar in each of the series of results shown in the chart 
is the most interesting. The total gain above the check plot in 
continuous culture, as indicated in each series, is the actual increase 
effected when to cultivation are added the conjoint effects of rota- 
tion and fertilization. Here no assumptions are involved. 

When to rotation is added the practice of fertilization, the actual 
increase obtained in the yield of wheat is 8.44 bushels. This in- 
crease, which may be indicated by capital F, is shown by the di- 

onal hachure at the top portion 
of the bar.. On the other hand, 
when to fertilization is added rota- 
tion, the increase effected is 8.91 
bushels, which increase may be 
indicated by capital #, and is shown 
by the diagonal hachure below the 
figure, 20.16, indicating the total 
gain. The unhachured portion of 
the bar represents 2.81 bushels, 
being a part of the total gain; but 
there is no way to determine just 
how much of this undivided gain 
should be credited to rotation and 
to the use of fertilizers. This un- 
divided increase measures the in- 
teractive effects of rotation and 
the use of fertilizers when these two 
practices are conjoined. These 
effects may be interpreted in three 
ways: (1) When, under the condi- 
tions of these fertility experiments 
on wheat, rotation of crops and the 
use of fertilization are conjoined, 
the effectiveness of rotation, as 
determined when rotation is prac- 
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Fic. 2.—Chart summarizing the comparable 
yields obtained with wheat and barley at 
Rothamsted, showing the proportion of each 


ticed in the absence of fertilizers, is 
reduced and the efficiency of the 
fertilizer-remains the same as when 
it acts apart from rotation; or (2) 
the effect of crop rotation remains 
the same and the effectiveness of 


yield (in bushels) that is credited to culti- 
vation alone, the increase effected when crop 
rotation or the use of fertilizer is added to 
cultivation, and the total increase over cul- 
tivation when rotation and the use of fer- 
tilizer are conjoined. A6-0, plot 6-0 on the 
Agdell field; B6, plot 6 on the Broadbalk 
field; H4-A, plot 4A on the Hoos field; 


sae : Ss ae A2C, plot 2-C on the Agdell field 
the use of fertilizers is diminished; 


or (3) it may mean that the efficiency of: both rotation and the use 
of fertilizers is diminished in the same or in different degrees. 

The unallocated value as shown by the unhachured portion also 
shows the difference (2.81 bushels) between the sum of the increases 
effected by rotation and the use of fertilizers when acting indepen- 
dently of each other and the actual increase obtained as a result of 
their combined effects, but just how much should be subtracted from 
the separate gains effected by rotation and the use of fertilizers can 
not be determined. 

In case of barley, R has a negative value of —6.62 bushels, due 

robably to the fertilizer treatments not being exactly comparable. 
ether or not rotation would have effected any increase at all if 


60635—26}——3 
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conjoined with fertilization under more comparable conditions 
remains a question. Nevertheless, the division of the third bar 
in the barley series illustrates the actual results obtained under 
the conditions of the experiment: Cultivation alone gave an 
average yield of 14.06 bushels; combining rotation with cultivation 
effected an increase of 7.75 bushels; and combining fertilization with 
cultivation and rotation resulted in an additional increase of 13.46 
bushels. This seems to be the more reasonable and practical inter- 
pretation of these results, especially since the conjoint action of rota- 
tion and fertilization effecting the total increase of 21.21 bushels 
over cultivation alone involves the fertilizer treatment made in rota- 
tion on the Agdell field and not the annual application made in 
continuous culture on the Hoos field. 


COLUMBIA EXPERIMENTS WITH WHEAT, CORN, AND OATS 


The long—continued experiments at Columbia, Mo., were begun 
in 1888 (11). Comparable yields suitable for this study begin with 
the year 1889 for wheat, 1890 for corn, 1891 for oats and 1896 for 
timothy. These experiments now include 39 one-fourteenth-acre 
plots, of which the following are herein considered: 


Six-year rotation, corn, oats, wheat, clover, timothy, and timothy: 

Plot 13, unfertilized. 

Plot 3, fertilized with chemical fertilizers. 

Plots 11, 12, 14, 19 and 20, fertilized with farm manure. 
Four-year rotation, corn, oats, wheat and clover: 

‘Plot 39, unfertilized. 

Plots 34, 35, 37 and 38, fertilized with farm manure. 
Three-year rotation, corn, wheat and clover: 

Plot 27, unfertilized. 

Plot 28, fertilized with farm manure. 
Two-year rotation, wheat and clover. 

Plot 33, unfertilized. 

Plots 31 and 32, fertilized with farm manure. 
Corn in continuous culture. 

Plot 17, unfertilized. 

Plot 18, fertilized with farm manure. 
Oats in continuous culture: 

Plot 16, unfertilized. 

Plot 15, fertilized with farm manure. 
Wheat in continuous culture: 

Plot 9, unfertilized. 

Plot 2, fertilized with chemical fertilizer. 

Plots 5, 10, 21, 24, 30 and 36, fertilized with farm manure. 
Timothy in continuous culture: 

Plot 23, unfertilized. 

Plot 22, fertilized with farm manure. 


As in case of the Rothamsted experiments, no provision has been 
made for a replication of the plots representing the different rotations. 
For this reason, unfortunately, the effectiveness of the four rotations 
can not be compared, since, for example, the average yield of corn 
in one rotation represents a different combination of seasonal effects 
than the average yield in another rotation. However, in all the 
systems of cropping the effect of rotation on crop yields may be com- 
pared with the effectiveness of the use of farm manure, and, in case 
a neat in the 6-year rotation, with the use of a complete chemical 

ertilizer. | 
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The soil on which the Missouri experiments are conducted is des- 
ignated as Putnam silt loam. It is described as a dark brownish 
gray soil “9 to 12 inches deep, grading into a grayish subsurface 
layer 4 to 6 inches thick.’’ Below this there is another gradation 
into a brown, heavy clay loam, rather impervious in character. At 
depths from 13 to 18 inches the soil is a yellowish-gray, silty clay 
loam, more friable than the layer above it. ‘‘ The surface drainage 
is generally good. * * * ‘The soil of the fieldis * * * fairly 
uniform in fertility.”” As a rule, Putnam silt loam is in need of lime 
(10, p. 5). The Missouri experimental results herein presented have 
been obtained on an unlimed soil. 


EXPERIMENTAL DATA 


Since, in these particular experiments, the different fertilizer treat- 
ments in continuous culture are the same as those in rotation, it 
seemed best, at the outset, to present in detail all the data on which 
this study of the Missouri experiments is based. The data are given 
in several tables, each table containing comparable yields of a partic- 
ular crop grown both in rotation and in continuous culture. In 
Table 8, for example, are given the yields of corn obtained on the 
unfertilized and manured plots for each year that it has been grown 
in the 6-year rotation, up to, and including, 1916. In the other 
portion of the same table are given the yields on similarly treated 

Jots in continuous culture for each year that corn has been grown 
in the rotation. | 


SIX-YEAR ROTATION AND CONTINUOUS CULTURE 


TaBLE 8.—Comparable yields of corn in the 6-year rotation and in continuous 
culture, Missouri 


[Yields in bushels per acre] 


6-year rotation Sela eee clover, timothy, Continuous culture 
Wear | Farm manure ! 

Ne fer- ie fer- Farm 
ilizer, ilizer, | manure,? 

plot 13 | pict 11 | plots | Plot2o | ~"or@”| Plot 1? | plot 18 

summary 

DNF eh ed 25.7 Sie OR on see eee eee 37.9 42.1 51.4 
LT Dee oes ae gee ae ee 25. 1 Pbk el ee ee 27.0 23.9 25. 6 
D3 se oe a ee eee gee REA Ite ee Pz Ae 78. 7 | 78. 7 29.5 55. 5 
LOST 2 el ee ee 54. 2 YS 2 otal kepada ees 43.8 1% 13.4 
TLE2) | sey ge! det eee eee oer 39.4 51.6 iy eo ae ee §2.3 1.9 6.5 
TLL tye so ke 8 Sl times Oe TONG, |e s- Seeealioe ts eee 28. 0 28. 0 7.4 14.6 
6-year average.......--.-- 40-5, |MALSOE 2 oe ec OE oc Es eh oe 44.6 20.3 27.8 


1 The mean application of manure in all cases is 6.8 tons per acre annually, in both rotation and continu- 


ous culture. 
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TaBLE 9.—Comparable yields of oats in the 6-year rotation and in continuous 


culture, Missouri 
{Yields in bushels per acre] 


‘ ; . : ‘ : | Continuous 
6-year rotation (corn, oats, wheat, clover, timothy, timothy) | ealtara 
| 
Year Farm manure 

No fer- ; No fer- | Farm 

tilizer, Average|’ tilizer, be 
Plot 13) piot 11 | Plot 12 | Plot 14] Plot 19| Plot 20 or sum-| Plot 16 | piot ¥5 

mary 

1 Sale a ot a ek 21.9 77 Rh) Reet eee wo Sh oY RE at) Dh es yey fF Oe nec 27.8 17.8 30. 6 
ee ee I ae 32.8 5 Ped il OR SY |S 8 ee ES a eS ES, 36.7 13. 4 27.3 
UPS a ak A 16.7 Peo ALU eles ee, | Ba le ay lhc are aya WE ee 28. 0 7.0 19.1 
Uy (a Se eres a 13.8 18.5 17.4 24. 0 PAS 17.9 20. 1 5.0 26. 1 
Teds sis SET bP Sook SRN SIS eee (OU I Te es 60. 5 60. 5 53. 7 65. 1 
5-year average. PINOT) Sazt 5 Pet ee ee el ee ee PE | 34.6 19.5 33. 6 


TABLE 10.—Comparable yields of wheat in the 6-year rotation and in continuous 


culture, Missouri 
[Yields in bushels per acre] 


| 


6-year rotation (corn, oats, wheat, 


clover, timothy, timothy) Continuous culture 


Average or 


summary 


2 2 Farm manure 3 S. Farm manure 
Year - |&” - |2n 
3 S | u, |8 2 
Soo =F Com! NS = & 
Fo Rows gm o|a°] 8- 
pe nat —_ ana ara: oe 
3s gs = = = & a8 E qs =) Ss nN PH 2 Se 
° |821/8/8) 8/8 /88le [2718 18/3/31 3] 38 
Gr ie By | Ar) By Ay [eee Ar | Ae} A} Oe | AY] AY 
OF és t) Lor alaasooieecesleeeee 16.2| 8, 2| 20.6} 8.1) 15.0) 11.8] 17.0) 20.9} 23.0 
> 0) 38.7) 44 Onno. Sea SEs 44, 0} 22. 0) 39.3) 34.3) 40.7) 43.3) 39.2) 41.3) 33.0 
ie | eS Sats Viet os | RS, es ee) Eee 43. 3} 15.6} 28.7} 23.3] 25. 2) 24.1 23, 6} 28. 5) 27.2 
Bl 24s Ll PO Alon ce chee haze ot. 26.4) 7.1) 27.9) 17.1] 10.8} 24.1) 23.1) 11.4) 24.8 
, O} 22. O} 22.5) 23.'3} 22. 0) 16.1) 21.0) Ls 7.7) 12. 6} 12. 5). 12.1) 10.7) 12.0) 10:0 
16,8) Sarge str era eee 34: 3} 34.3] 21.0) 34.3]... 30. 3) Rete ne a |Past 
6-yearaverage.| 20.1] 30. 0|_._.-|--.--|----- | age. 30. 4 i hd jars ep: sje | Mi | pe ee ere 21 Bd 


1 The annual application of complete chemical fertilizer for wheat on plots 2 and 3 are the same. 


Table 22.) 


(See 


TABLE 11.—Comparable yields of timothy in the 6-year rotation and in continuous 


Year 


9-year average-. 


culture, Missouri 
[Yields in pounds per acre] 


6-year rotation (corn, oats, wheat, clover, timothy, timothy) | Continuous culture 


Farm manure 


No fer- No fer- Farm 
tilizer, | tilizer, | manure, 
plot 13 Average | plot 23 | plot 22 
Plot 11 | Plot 12 | Plot 19 | Plot 20 | orsum- 
mary 
1, 790 3, 120 4,690 )--=- 23 5, 040 4, 283 , 290 5, 790 
3, 920 6,860 1222. 3 SS ee ee 6, 860 4, 760 7, 600 
1 O00 eae oe | eo Se EGU Ly (eae See 5, 000 2, 480 5, 840 
4, 600 6, 700" | +52 ee eee aa 6, 700 2, 400 6, 100 
130 2,750 py 5 Vp) REE ea as 2, 000 2, 167 4, 500 5, 700 
3, 536 7, 398 7840} eet Bs 7, 240 7, 493 3, 650 7, 812 
2, 820 $5,920 | aii ee SE ee 8, 320 2, 146 6, 032 
DOGS eo eS ee ees 766 766 546 889 
310212 Se Oe a ey 6, 818 6, 818 3, 276 6, 888 
AY LY) Ra a Eee ae! | tS eT Cor | Ne 2 5, 379 2, 894 5, 850 
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FOUR-YEAR ROTATION AND CONTINUOUS CULTURE I 


“TABLE 12.—Comparable yields of corn in the 4-year rotation and in continuous 
culture, Missourt 


[Yields in bushels per acre] 


Year 


6-year average__| 


4-year rotation (corn, oats, wheat, clover) 


| 


Continuous culture 
| 


Farm manure 


| No fer- 


No fer- Farm 
tilizer, tilizer, | manure, 
plot 39 | Average | plot 17 plot 18 
| Plot 34 | Plot 35 | Plot 37 | Plot38 | orsum- | 
| | mary | 
OS etna | 35.3 Lic ha WP Sh We) eka 2 AS: 50.9 | 50.9 | 41.1 60. 7 
Kae one 6 4 PEO a Mes BR 34.0 34.0 | 17.1 30.3 
pez Pl (tee She pea ae Psd apg FO Sosy 25. 6 
ii | 4.0 |---| 80.7 78.5) 79.6) 38.0 79. 4 
ere } yh ee ee 37.31 31.8 33.8 34.3 | 2 25. 4 
2) | 49-6 | 55.6 |----_---------------]----------|_ 55.6 | 38.0 45.7 
Boy eee re mere este ere Meee ket oe 9 i ae] eR 44.5 


} 


TABLE 13.—Comparable yields of oats in the 4-year rotation and in continuous 
culture, Missouri 


[Yields in bushels per acre] 


Year 


6-year average__. 


4-year rotation (corn, oats, wheat, clover) 


Continuous culture 


| Farm manure 

| No fer- No fer- | Farm 

wErEn | Average ‘tilizer, manure, 

| P Plot 34 | Plot 35 | Plot 37 | Plot 38 | orsum- | plot 16 | plot 15 

| | mary 

ce arowht Tig sl-sat aii [ena UG) abisiy prema.) 4 -.0N- aaa oe 
arll PES a a er Oe 29.7 18.4 25. 9 
eos: epi 2. poe Aa Se ae 28.1 42.2 
ED | 26.3 eis Reon amen 32. 2 | 32.2 13.4 27.3 
oe SR La sett Shs, ese SO I SESS ee os Ba ee (ee ee Pe eo 
Rh 2 26.8 a a 37.8 37.8 21.9 37.4 
i ae 30.3 40.8 51.6 | 53.8 | 14.4 40.2 29.3 32.4 
=] 30.6 42.9 ee teieee so ek ee 42.9 29.0 30. 2 

27.9 | Mibeck | eoA say Eee | i ees |. 3%2 23. 4 32. 6 


TaBLeE 14.—Comparable yields of wheat in the 4-year rotation and in continuous 
culture, Missouri 


[Yields in bushels per acre] 


clover) 
ee 
2 | Farm manure 
Year ar | ; 
. S S mal 
= | os 
BS Se ag Aas co | ws 
be | oS j ae] i a) oD os 
SS Sy ee + rey RE 
Si Stae Beep eS Te 
Z| fe | Be Ay a |<” 
|__| 
_. are 2. Tey Se Se Ee Bere 26.9 | 26.9 
eeae ee ons 12°09 To eae pee 15..2-}. 15.2 
. Tighe 28.7 | do SO Ta reais Ne NR 37.3 | 37.3 
| Ee eee = Gf SPURS? eee oe! eevee 37.2 | 37.2 
Ss = ay ae alieds [ake oe ey 31.8 31.8 
LS ae pe 2 ee ae oe Bf nek 15.7 | 15.7 
lS 13.8 | 28.3 | 25.1 | 24.9 | 27.8 | 26.5 
ec 2 CRT UM Nis i Ae Si) SY | a 0 39. 4 
8-year | 
average Sea es sak foxes FRAT 28.8 
| 


4-year rotation (corn, oats, wheat, 


No fertilizer, plot 9 


Continuous culture 


Farm manure 


| fg, 

Sapeie 
| | Re 
lo | Sr 1 et She han 
~ 2 | = “SDS > | = 8 
Ss Se fh) Sal So | See 
A | Ae | Be | A | & | me [<< 

aes Se 
8.1 | 15.0 | 11.8 | 17.0] 20.9} 23.0) 16.0 
5 Ss as RRS Re A 
13.8| 6.1] 84] 8&2] 148| 14.7] 11.0 
23.3 | 25.2 | 24.1 | 23.6 | 28.5] 27.2) 25.3 
2.4:)184 | 159.6 | 16.6) 2.7 2 17.7 
Seah oa | 15.2 | 11.7 | 13.8 ].10.4 | 21.9 | 14.6 
15.9 | 16.9 | 17.4 | 17.3 | 22.5 | 20.9] 185 
tess 10.9 |...---|------|------|------| 10.9 
i lige fi aiusdgn fo] be ied 
Cobble Sorat Bn Nabalets SEI Bet FOES, We Stee et 

hereby 4 | 


THREE-YEAR ROTATION AND CONTINUOUS CULTURE 


TABLE 15.—Comparable yields of corn and wheat in the 3-year rotation and in 
continuous culture, Missouri 


[Yields in bushels per acre] 


| 
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Wheat 
| 


Corn | 
| |] : 
: 1} } : t 
| 3-year rotation Continuous 3-year rotation Continuous 
(corn, wheat, culture (corn, wheat, culture 
clover) | clover) 
Year ae ae ee ee! Year ae 
| | nea 
No fer-| Farm | Nofer-| Farm | No fer-| Farm | Nofer-| ma- 
tilizer, | ma- | tilizer,| ma- | tilizer, | ma- | tilizer,| nure, 
| plot 27 nure, | plot 17/ nure, | | plot 27; nure, | plot9 | aver- 
| plot 28 plot 18. plot 28 | age of 
| | 6 plots! 
ee Ee 4; 45.8) 41.1] 60:7 0 Isso 2 ae os oo! 14.9) 18.4 8.2 | 16.0 
tae an CR 2.3) 346 24.9 ee el: eee eee, 9.2 24.2 6. 2 19.3 
li ee ON 34.9 51.4 21.0 46.4 ti 1806. 5 27.5 42.3 22.0 38. 6 
i bee 25. 5 37.9 19.4 31.9 | jo a a 5.0 | 15.7 27 6.0 
CTT Jo capa a | 65.3 88. 6 38. 0 70,74: TOOTS eee 23. 3 34.5 15.6 25.3 
LET Eee ae | 60.7 77.6 11.9 or ee i i ee Se | ee a ee Se ey [sy 
Poe fuse tee ths 47.2! 65.9 11.7 Sa; 4 1) *TO08 20... os. Sh 6.9 29. 2 7 eal 19.1 
J a 166) 327 1.9 6.5 | VOU A eens 3 Se 11.5 | 33.6 5.0 19.1 
Ube as 13.9 24.7 TO.) -7A@a2o ll LO been ere ee ch aes 20. 1 26. 4 
i 19.6 |-------- 7.4 14-6 sa GL7e_ 2003. Fo LAL IN era 0.2 | 10.9 
Average...-| 32.6 51.0 18. 4 39.0 |) Average...-| 14.4 28. 3 9.7 | 20.1 


1 Average of plots 5, 10, 21, 24, 30, and 36, continuous culture. 


TWO-YEAR ROTATION AND CONTINUOUS CULTURE 


TABLE 16.—Comparable yields of wheat in the 2-year rotation and in continuous 
culture, Missouri \ 


[Yields in bushels per acre] 
2-year rotation | ’ 
(wheat and Continuous culture 
clover) 
“* 
F 
Vosr | arm manure 
No fer-| 7 No fer- | pig 
tilizer, uve tilizer, Aver- 
Plot 33 jot 31 | Plt? | Plot 5 | Plot 10| Plot 21 Plot 24 | Plot 30 | Plot 36| 98 F 
| | mary 
| | | 

2 Sone a 3.7| 21.3| 82] 81] 150| 11.8| 17.0] 209] 230| 160 
lik oi 33.3| 31.4| 246| 27.2] 31.3] 308; 306] 319] 27.3 29.9 
fees aun 8.3 es I aE ad SOT POSES nich eae, | 40 4.0 
eee | 347! 433] 220| 343| 40.7| 433) 302/ 41.3] 33.0 38.6 
+ a, aoe eee 125! 30.3 17| 138 6.1 8.4 82) 148] 147 11.0 
a 9.7| 148 27\¢ 136) 15.8| 158| 1201 16:7 | 182] . Se 
Cy ae 30.9] 382) 15.6) 93:3| 25.2) 241; 226] 285) 27.2). 958 
oe Se ae bel Fue Listes od 11.5 |- 334 160 6.8 7.5 Fo i aR 11.0 
SS ae ee int did ye A te Na a FS Cg | 17.7 
‘a a 12.8} 24.2 7.1\- tad * 1s | eer 1S 14. 1 |! Ls 18.6 
ys a a Ml Iti oa Sees 1592 | 27 | 89 104 | 21.9 14.6 
jae ee eT 16.9} 32.6 5.0 6.51 103|- 306; 286+- 184] - 203 19.1 
oR Se |. 95.7| 97.8 88| 15.9] 169| 17.4| 17.8} 225] 20.9 18.5 
anes woe See) YE (‘Safes ‘bey 20\f..: 24 Ty eee ee eee {2 i Bon Ps a 18.7 
paren ar i283 = <2 1s 20.7 | 27.4 042| vc weed OCD [Ser e2o Gisss  ST 10.9 
Average....--- 18. 4 24.9 9.1 a 8 es es oe ere ee eee ee eee ee 17.9 


Inasmuch as the efficiencies of the four Missouri rotations, as 


determined by comparing the average yields of the crops in common, 


are not comparable, because of the fact that the average yields of | 


/ 
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the crops of one rotation represent different seasonal effects than those 


of another, the effects of rotation and the use of manure on the yields 


of each crop in the various rotations, as measured in terms of crop 
increases, are simply averaged. Thus, from the foregoing experi- 
mental data the average yields of each crop in continuous culture 
and in the different rotations are first selected and arranged in table 
form, a table for each crop; then from these yields are calculated the 
increases effected by rotation and fertilization; and each of these 
sets of values, in turn, are averaged. The general averages thus 
obtained for a given crop express truer absolute values of rotation 


and fertilizers, particularly of manure, because such averages include 


different combinations of crops and seasonal effects. 

Two groups of observations are made: (1) A comparison of the 
effects of crop rotation and fertilization when they are practiced 
independently of each other; and (2) a comparison of the effects when 
rotation and fertilization are conjoined. 


ROTATION AND FERTILIZATION PRACTICED INDEPENDENTLY 


In Tables 17, 18, 19, and 20 are summarized, from the foregoing 
tables, those average yields of wheat, corn, oats, and timothy from 
which are determined the effects of both rotation and the use of 
fertilizers on crop yields when practiced independently of each other. 
In the columns to the right of the one containing the average yields 
are given the increases in yield (over the check plots in continuous 
culture) owing to crop rotation, the use of farm manure, and chemical 
fertilizers, respectively. At the bottom of each table are given, in 
terms of bushels of increase, the average absolute values of crop 
rotation and the use of farm manure, and, in case of wheat, an 
additional single comparison of absolute values of rotation and the 
use of chemical fertilizers. 


TaBLE 17.—The effects of rotation and of fertilization on the yields of wheat, showing 
increases over cultivation alone 


{Rotation and fertilization practiced independently of each other] 


if \ 
Average 
Average | AVerage Average | increase 
a erage | increase | Crease | Gue to 
Plot No. Cultural conditions yield auaeen due to asaof 
per acre | +otation aaa chemical 
fertilizer 
6-year rotation and continuous culture: 
13 Hotation without use of chemical ferti- | Bushes Bushels | Bushels | Bushels 
AZ DI sey oe eine Wet eras ALE Bela be 6 es Ft og enn (i bec 2 AR See Shs a 
2 Use of chemical fertilizer without rota- | 
GIOTE e eee e A i BA RA) ow 265455 ete eee ee 13.9 
5, 10, 21, 24, 30, 36 Use of manure without rotation____-_-_-_--_| 2354) 55 see 10:9) |. 4 ae 
9 No manure and no rotation..-...---.--- (be ee eaters vend. Set 
4-year rotation and continuous culture: 
39 Rotation without the use of manure----- 23.6 ISR? jPethsiet Bee? 2 os 
5, 10, 21, 24, 30, 36 Use of manure without rotation_.-.-__._- TAS fe donee Te | es 5 ae 
9 No manure and no rotation__--___-_____- | BOLL Te SIL PREG Aero eee 
3-year rotation and continuous culture: | 
27 Rotation without use of manure-_--_--_--- 14, 4 An | Uke con eee ee 
5, 10, 21, 24, 30, 36 Use of manure without rotation_...-_--_- 20M ck geese 10649 |e 
8) No manure and no rotation_______-__---_- OMe | Sac e |e 2 eae eee 
2-year rotation and continuous culture: 
33 Rotation without use of manure_-------- 18.4 Pg eee ae | oetecs ais es 
5, 10, 21, 24, 30, 36 Use of manure without rotation___.---__- 1 YA hs ee ee 8.8} 2. - Lees 
9 No manure and no rotation:.......---.-- O54) 3 ¥e Sa Sy gequsces 1 4 dee 
Average increase from rotation and use | | 
OLMAT TOs 2 eo ne Lo ee 8 8 10.1 10:0) (eas eee 
Increase from rotation and use of 
chemicaliferulizenss 2255-2 27 ae ee a OLlkeas eee | 13.9 
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TABLE 18.—Effects of crop rotation and of the use of farm manure on the yields 
of corn . 


{Rotation and the use of manure practiced independently of each other] 


Average increase 
_ Cultural conditions yield | ‘crease | “due to 
No. due to 
per acre | rotation | Use of 
manure 
| 
6-year rotation and continuous culture: Bushels | Bushels Bushels 
13 Rotation without use of manure._....-...-.2 2.22222 2 41.5 Dl. Zipsstlsesee 
18 Use of manure ‘without rotation = -° 4 ose 7 ea al ee CR 7.5 
17 ING MaNtire BHO NO TOLALION. — oo 28 toe ee eee 20:3 2 2T SAA See eee 
4-year rotation and continuous culture: 
39 Rotation without use'ol manure. -_ oo oe aca ee 38. 6 16;G, [S225 Secor 
18 Use of manure without rotation -........-.-..----.22212.---1.e 4496 43 ay. 15.9 
17 No manure and,no royauen...2 2.02 tf EF 28: 62.224 52|. 5 
3-year rotation and continuous culture: 
27 Rotation without use of manure._.-...--.--------.------------ 32. 6 14,2 fecuscc see 
18 (Wse:or manure without rotation<=. 25.2.) 5.0.- sce ee B80 een teceee 20. 6 
17 No manure and no rotation... ......22JsJ£2t he So. si 19049. 132 SE 
Average increase from rotation and use of manure-_.___...-.]..---_.--. 15.1 14.7 


TABLE 19.—Effects of crop rotation and of the use of farm manure on the yields 
of oats 


{Rotation and the use of manure practiced independently of each other] 


| 
Average 
Plot Average | Sin increase 
3 Cultural conditions yield due to 
No. due to 
per acre : use of 
rotation manure 
6-year rotation and continuous culture: Bushels | Bushels | Bushels 
13 Rotation without use of manure..._._..-....---_---.-------..- 27.3 (AL: Pete eemre 
15 Use'ol manure without rotation. =o. See 2 a Sea Revie 14.1 
16 NOimmantre and no raablOn.oo on Sk =e ce ee 99; Get S ALLL L. SO eee 
4-year rotation and continuous culture: 
39 Rotation without use of manure...-.....-.-.-----.--.-------.- 27.9 4, Stl nee 
15 Use of manure witout rocation. i. 246.05 ante ee eee 32.6 | ei tae ve 9.2 
16 No maritire Sad no Trelenon-’ 4. eee ee ners 23.4 |----------|++-------+ 
Average increase from rotation and use of manure--_...-----.]_.-.------ | 6.2 Lid 


TABLE 20.—Effects of crop rotation and of the use of farm manure on the yields 
of timothy 


[Rotation and the use of manure practiced independently of each other] 


Average 
Plot "Average | Average | increase 
Cultural conditions | yield due to 
No. | due to 
| per acre | rotation | Use of 
manure 
6-year rotation and continuous culture: Pounds | Pounds | Pounds 
13 Rotation without use of manure. ......-- 3-2 tebe ona ee | 2, 446 —448 |. 22. 36-82. 
22 Use’of manure without rotation. =... 22. 2- erect ce 240 Se | Pg) Eee ee 2, 956 
2 No Manure and ‘no rotation: = 1...-- teste eee ee ee 00550 WE ee SR 2 


In Table 21 are summarized the data contained in the four fore- 
going tables. Timothy is not included, since results seem to show 
that this crop is not benefited by rotation under conditions of these 
experiments. 


| 
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TABLE 21.—E ffects of crop rotation and of the use of fertilizers on the yields of wheat, 


corn, and oats at Columbia, Mo. 


[Rotation and fertilization practiced separately] 


Relative 
avons value of 
over crop rota- 
Average | check ond = 
Crop Cultural conditions yield | plotin ithe fans 
per acre | cones tilizers 
| in effect- 
iy RE | ing larger 
yields 
Bushels  Bushels | Per cent 
Wheat___| Crop rotation without use of manure (r)----_-..--____-------- 19.1 | 10.0 100.0 
Use of manure without rotation (f)--_.-.-_-_----.-.------------ 1st 10:01) 
Crop rotation without use of chemical fertilizer (r)__-.-._-__-- 20. 1 7.6 54.7 
Use of chemical fertilizer without rotation (f)_..____----_______- 26. 4 13.9: | 
a Crop rotation without use of manure (r)___-_-___-------------- By Gs i 102. 7 
Dsecet mantre without rotation (f)_-) 22-2 ...--s2-2- 222-2. 37.1 147 1p 
Oatagtac: Crop rotation without use of manure (r)_-__-____-------------- 27.6 6. 2 53. 0 
Use of manure without rotation (f)__.__.__.__-_____---------_-. Boe FELT | = ee ee 


These average results show that, under the conditions of the Mis- 
sourl experiments, crop rotation without the use of manure is as 
effective in increasing the yields of wheat and corn, over the check 
plots in continuous culture, as a mean annual application of 6.8 
tons of manure without rotation. In case of oats, rotation proved 
to be slightly more than half as efficient as the use of manure. 

The 6-year rotation of corn, oats, wheat, clover, timothy, and 
timothy practiced without the use of any fertilizer, is 54.7 per cent 
as efficient in increasing the average yield of wheat over cultivation 
alone as an annual application of a chemical mixture consisting 
of 495 pounds of sodium nitrate, 209 pounds of acid phosphate and 
111 pounds of muriate of potash. (See Table 22.) 


ROTATION AND THE USE OF FERTILIZERS CONJOINED 


Since, in the Missouri experiments, the same quantities of manure 
have been applied per acre annually on all the plots herein considered 
(mean application of 6.8 tons per acre), the results in Tables 17, 18, 
19, and 20, showing the separate effects of rotation and the use of 
fertilizers, are comparable with the results showing the combined 
effect of these two practices. As regards the use of chemical fer- 
tilizers on wheat, the quantity that has been applied per acre in con- 
tinuous culture for the 6-year period is 553 pounds less than the total 
quantity applied to the crops in the 6-year rotation. This is shown 
in Table 22. 


TABLE 22.—Application of chemical fertilizer in rotation and continuous culture, 


Missouri 
| Kind and quantity of ferti- ays 
lizer materials used (annual- | 1 °t@l a Ge aot 6-year 
ly per acre) period (per acre 
Plot number Crop 2 c! 
Sodium Acid Muriate | Sodium | Acid Muriate 
nitrate | phosphate of potash | nitrate ‘phosphate | of potash 
; Pounds Pounds | Pounds | Pounds | Pounds | Pounds 
2 (rotation) -...._.-- Ai 8 eee 764 | 301 136 | 
a ae Jet te re | 157 98 | 
PBles tee 495 209 lll 
Clover__.........- 774 245 216 |f 3: 386 1, 206 901 
"THRO Y- ok 464 | 147 170 
et) 7h t,|---—4 7 1 eet gaits de 464 147 170 | 
2 —e cul- | Wheat__________-= 495 209 111 2, 970 1, 254 666 
8 


60635—26}——4 
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In Tables 23, 24, 25, and 26 are summarized from Tables 8 to 16, 
inclusive, those average yields of wheat, corn, oats, and timothy 
which show the average Be of crop rotation and the use of fertiliz- 
ers on the yield of wheat, corn, oats, and timothy when these two 
farm practices are conjoined. In the column to the right of the one 
containing the average yields are given the average increases, over 
check plots in continuous culture, due to the conjoint effects of rota- 
tion and the use of manure, and in case of wheat, the conjoint effects 
of rotation and the use of chemical fertilizer. 


TABLE 23.—Average effects of the conjoint action of crop rotation and the use of 
fertilizers on the yields of wheat, Missouri 


Average 
increase 
over check 
plot in 
; Average /| continuous 
Plot No. | Cultural conditions, rotation and check plot in continuous culture | yield per | culture, 
acre due to . 
rotation 
and use 
of fertiliz- 
ers 
| 
6-year rotation: Bushels Bushels 
11, 12, 14, 20 SLGUBBLON GIG UNG UL THOTT «oo one Seinen esemneesesctennpecne 30.9 18.4 
3 Rotation and use of chemical fertilizer _........-...-----.------ 30. 0 17.5 
9 INO rotation and no fertiliver 4. - poe ebauceasucctacucnedes ab Ad vl ee OE = 
4-year rotation: 
34, 35, 37, 38 Botation- and, tise of manura. + .t00s cence ed he oe eee 28. 8 23. 9 
9 ING rotation aud No manure... 2-2-0. eh cea eee i fal epee tea Se cs 
3-year rotation: 
28 Rotation and wse of manure. a a. cement ot eon bape eben nt 28. 3 18.6 
9 No rotation and no manure. /2)2=--.24 2. ss ess 9 72. So ee 
2-year rotation: 
31 Rotation MiG Teor Manere..- 2-5-2. ne deo oeakoseavere oe 24.9 15.8 
9 | INO TOLation andre mannree=~ 5. sen sk oe Soe es ee OL) |Lec eee 
Average yield and increase effected by rotation and use of 
HAN Be lois oe oboe s.- bpp c ltteer aenes ~hdgete ein pen 28, 2 19.1 
Yield and increase effected by rotation and use of chemical 
fertilizer’: le) 63 3 bie fesse lb pee ee ay eee 30.0 17.5 


TABLE 24.—Average effects of the conjoint action of crop rotation and the use of 
farm manure on the yields of corn 


| | Average 
| increase 
_ over check 
Plot No, | Cultural conditions, rotation and check plot in continuous | sisi ome Pe gid Rapa 
colnure | "acre culture due 
to rotation 
and use of 
manure 
6-year rotation: Bushels Bushels 
11, 14, 20 HOtHtiOn ANG Use Of Manure. . 2-cen oat cote eee eee 44.6 24. 2 
17 No rotation‘and n6 -manure..:-2252--. > oe eee | 2028 eitsa1s 22 eS See 
4-year rotation: 
34, 35, 37, 38 Rotation and use of manure_--_-_---------- pe Sno? SHIA 2 OR 47.7 19. 1 
17 WO rotation and’ N0 Msgitire ee eee ee ee 28; Gil ~ = - Scans 
3-year rotation: 
28 Rotation and use of manure-_----.------- eS Be See 51.0 32. 6 


17 No rotation and ‘nod manure... 2. Le ee 18,4. 22s 
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TaBLe 25.—Average effects of the conjoint action of crop rotation and the use of 
/ manure on the yields of oats 


Average 
increase 
over check 


Plot No. | Cultural conditions, rotation and check plot in continuous Sides ett 
acre culture due 
to rotation 
and use of 
manure 
s 
6-year rotation: Bushels Bushels 
11,.12, 14, 19, 20° Ovation aHERMSGIO!l MANUTCs = sess 5c .5-s sc eco octane oes 34. 6 15. 1 
16 Norotationandsno manure... 2>225-— sh. oS socks 19; 5). | 3.22 ee 
4-year rotation: 
34, 35, 37, 38 Rotation-andswseorimanure-_ ss oes cece tes ce cc dsc te 37.2) | 13.8 
16 No rotationsanGds mo; manure. =) ee ee TS ese 23. 4 J---22---- Zs 
Average yield and increase effected by rotation and use | 
Ol AN URS eS setae on no ane enw ean ake 35. 9 | 14.5 


TaBLE 26.—Average effects of the conjoint action of crop rotation and the use of 
manure on the yield of timothy 


Average 
increase 
over check 
Plot No, | Cultural conditions, rotation and check plot in continuous valde: Pr ae 
acre culture due 
to rotation 
and use of 
manure 
6-year rotation: Pounds Pounds 
11, 12, 19, 20 RObavon and use.0l manure soy =. =. ee. 2 ee es 5, 379 2, 485 
23 Norortion and:nosmanure’: 2.7) _ = <6 he ed eS DP SO4 Ds eal ae 


The average yields and increases given in Tables 21, 23, 24 and 25 
are wiernisiod in Table 27, in which are given the relative values 
of rotation (R) in effecting increases when conjoined with the use 
of fertilizers, and the additive effects of the conjoint action of rota- 
tion and the use of fertilizers on the yields of wheat, corn, and oats. 


TaRBLE 27.—Relative values of rotation (R) and additive effects on the yields of 
wheat, corn, and oats when rotation of crops and use of fertilizers are conjoined 


| 


[ { 
| | eis. 
Additive effects of rotas 
vate a | tion and use of ferti- 
: | lizer 
| 
| | Sum of 
; | Average | | Relative | increases Aetual 
Crop Cultural conditions yield | value of | effected by | tense 
per acre | Ri rotation effe had 5 
R F and use of | facies 
fertilizer | CONJoMmIng 
ets | See : 
| : and use 0 
| practiced re 
separately | fertilizer 
Camp Je 
| TARE yf SEPT ESTE. 
: Bushels |Bushels|Bushels| Per cent Bushels | Bushels 
Wheat. __.. Rotation and use of manure_ 28. 2 OM 9 100. 0 20. 0 | 1931 
Rotation and use of chemical 30. 0 3.6 9.9 36. 4 21.5 17.5 
fertilizer. 
Comers a: Rotation and use of manure_ 47,7 10.6 10. 2 103. 9 29.8 25. 3 
Sats Rotation and use of manure- 35. 9 2.8 8.3 3a ft 17.9 | 14.5 


1 Relative value of & is obtained by dividing the increase effected when rotation is added to cultivation 
Bre use of fertilizer by the increase effected when the use of fertilizer is added to cultivation and 
rotation. 
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The results tabulated in Table 27 show that when rotation of crops 
is added to the use of manure, under the conditions of the Missouri 
tests, it is fully as effective in increasing the yields of wheat and 
corn as when the use of manure is conjoined with rotation of crops; 
or, in other words, the relative values of rotation (R) in effecting 
increases in the yields of wheat and corn are 100 per cent and 103.9 
per cent, respectively. In case of oats, the relative value of FR is 
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Fic. 3—Chart visualizing the comparable yields obtained on wheat, corn, and oats at Columbia, 
Mo., showing the average yields that have been obtained from cultivation alone, the increase 
effected by combining rotation of crops or the use of fertilizers with cultivation, and the total 
increase effected over cultivation due to the effects of conjoining rotation and the use of fertilizer 


only 33.7 per cent. In case of wheat, the increase effected by adding 
rotation to the use of chemical fertilizer is only 36.4 per cent as 
much as when the use of chemical fertilizer is added to rotation. 
The figures in the last two subcolumns show that when the prac- 
tices of crop rotation and the use of fertilizers are conjoined their 
combined effects in increasing crop yields are additive, though in 
each case the combined effects are somewhat less than fully additive. 
Figure 3 represents in chart form the average yields of wheat, corn, 
and oats that have been obtained on the long-time fertility plots at 


| 
( 
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Columbia, Mo., illustrating the following results: The average yields 
that have been obtained from cultivation alone; the increase effected 
by conjoining crop rotation or the use of fertilizers with cultivation; 
and the total increases effected, over cultivation alone, by combin- 
ing rotation and the use of fertilizers. | 

In each of the bars in which are shown the additive effects of 
combining rotation and the use of fertilizer, the diagonal hachure 
at the top represents the value of the use of fertilizer (7), and the 
diagonal hachure below the unhachured space represents the value 
of rotation (R). The unhachured portion represents the value of 
the interactive effects of rotation and the use of fertilizer when one 
practice is conjoined with the other; or it may show in each case 
how much less is the actual gain due to the conjoint effects of rota- 
tion and fertilizers than the sum of the increases effected by rota- 
tion and fertilization when practiced independently of each other, 
that is, the value of 7 plus the value of f. It can not be determined 
just how much of the unallocated portion of the gain should be 
credited to R and F, in the one case, or how much should be sub- 
tracted from the values of 7 and f, in the second case. 


WOOSTER EXPERIMENTS WITH WHEAT, CORN, AND OATS 


The fertility experiments at Wooster (13) were begun in 18938. 
Here a 5-year rotation consisting of corn, oats, wheat, clover, and 
timothy is under test; and the various plots are repeated five times 
so as to give the yields of all the crops each year. Thus in ‘these 
experiments an average yield of corn, for example, in rotation for 
a period of successive years represents the same seasonal effects as 
the corresponding average yield of corn grown in continuous culture 
for the same years. The published results herein considered cover 
the 25-year period from 1894 to 1918, inclusive. 

Both the rotation and continuous-culture tests at Wooster are 
located on a silt loam of the Wooster series. The surface soil has 
a yellowish-brown color and a mealy structure and is underlain by 
a brownish-yellow, friable stratum having a silt loam texture. The 
soil had been subjected to exhaustive cropping prior to 1893; and 
in reaction, it is acid. 

In rotation, corn, oats, wheat, clover, and timothy are grown on 
five tracts of land, each of which is divided into 30 one-tenth-acre 
plots. In continuous culture, corn, oats, and wheat are grown on 
three tracts, each consisting of 10 one-tenth-acre plots. In all cases 
two fertilized plots, as Nos. 2 and 3, lie between two check plots, as 
Nos. 1 and 4. Four of the plots in continuous culture receive no 
treatment and six are fertilized, four with complete chemical ferti- 
hizers and two with farm manure. 


EXPERIMENTAL DATA 


In Table 28 are given the data on the fertilizers used on all the 
plots in continuous culture and on similarly fertilized plots in rota- 
tion. The last column of the table shows, for comparison, the aver- 
age yield on each plot indicated for the 25-year period. 

It is to be observed that, on the basis of the quantity of chemical 
fertilizers applied per acre, the most comparable yields for corn and 
oats are to be obtained by averaging the yields on plots 2 and 3 in 
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continuous culture and comparing these averages, and the wheat 


yields on plot 2 in continuous culture, with the yields on plots 11 
in rotation; and in case of manure, by averaging the yields on plots” 
5 and 6 in continuous culture, for wheat and corn, and comparing 
these averages with the yields on plot 20 in rotation. For reasons 
given beyond, the yields of oats on manured plot No. 5 in continuous 


culture are compared with those on plot 20 in rotation. 


TaBLE 28.—Fertilizers used on the fertility plots at Wooster, Ohio 
[12, Dp. 583, 588, 590, 592] 
CONTINUOUS CULTURE 


Fertilizer materials (quantities per acre) 
Total Yield 


Plot Crop per acre | Per acre 
Nitrate | Dried | Acid | Muriate annually | (25-year 
ofsoda | blood |phosphate| of potash) Manure average) 
Pounds | Pounds Pounds | Pounds Tons Pounds | Bushels 

Sh (PMT a) 3s Cpe ila a Seal 16022 60 30 |=— 8. ett 250 31.7 
Osts>; -.5.22:--- 4455 et a 55 cS oe or 265 37.3 

WY ReSt 200s 22st ote ce 120 50 | 45 Ses 245 15.7 

2. =A Sh es a 1 ee 160 100;| =. -o8 3 420 40, 1 
Onts. _..-2 ACL AES. ii ly Eee es See 160 Oe 420 41.1 

AVN TROSE Fe oe ee 120 50 | 160 WOON arateenues 430 19.7 

SNP Oleg: ie a a eee MY ees Ne 120 OU cat ore eee 500 42. 2 
Ostet J ae 2, Up ae OE BE 110 100) Waseec cece 530 45.6 
Winest 4. npn ee 280 50 90 oe ee Se a 480 21.0 

hg fas Og «Mepis RPE aed ETS 6 6S BAO yt eos 160 100: fetes se 580 44.9 
Opts 233. 26223 ee eke Le ee eee 160 100.125 ee 580 47.5 
RES RR Ee Ane 280 50 160 TO) (2c es ee 590 22.8 

Tons 

sty Cog VE pel BR STRESS CAS REE tS ee ie (NO Epa 1 a ae a OE ae 2 se Pt ee Se 2.5 2.5 25. 4 
ate *=.cssecten stack lodesat. Goede ES Sees ee ee 2.5 2.5 29.9 

WY GAG. 6. 288 enone oe ete Se Beas ae ee aol eee ee 2.5 2.5 14.3 

BY Korn. SUG ii re tes ei) Se hy gal see ae | 5.0 5.0 35.7 
Of eee 2 ears aah ale, Pe yr are te PE PL 2 ee a ee 5.0 5.0 37.4 

WW hidat. cf A eed APSO S i asieh seh oe | 5.0 5.0 18.8 

ROTATION 
Pounds 

Gl OL 1 6 RAR PR RO SIR Pe” PRE | ee SP 80 2 il as Ste 160 43.8 
Oats Ath fae ee eeu onn eke 80 $0) ja... 2254 160 45.0 
VA Ek Se ES RS, ee ee ee 160 NOD eee 260 21.0 
ROLOV ER 2 nee as oe ec oe ee ie ae Eee |----------|----------|----------]---------- 
PRIMNOCN Ys oo oot ow clots doek Bee epee eee oe oe eee olen ee ee el eee eee | eee eee ee ee eee 

| Lean eS Se ee Soe S C1 i (RN | eat SO LE pees St 240 35. 5 
Onts? 2 Sa. eee AGM. ote? f2sige es) >= | ee eae 240 38.3 
VC) ee ae ee IY 120 || ho jee seers ee 106 Soa. a 270 14.4 

TCU al Oty 1 Ce a Si RS A Se 100/242 52. 80 (<1) se PR 320 43.8 
gts Fit) S50 any eseeh ie ee oe) BE ea hee eae sol ee ecaceet 41.0 
WWNGAGe ee. ee 120 50 160 100 eeeacenee 430 26. 1 

OG M@orne: 225... ee CU RAPES Se Ts SO eae tee. seks 240 42.8 
LO) ES ee et 2 ee 160)| 12. 8-2 UO ee See Se ee eee 240 48. 2 
WINE ne cea tenes A 120 50 16G>| tosh £52 CSS LE 330 25. 4 

17 19) ee oes ee oes Te 60? ees. ee 25 160 BD) | panatobeas 320 45.9 
is 9) FAS ee ee S0e1 22. 160 SO \casencnace 320 61.1 
Wheat ssi Sie 60 25 160 100 i225. 22 322- 345 24.3 

TUCO OL = pee ts = I eT 160) 80 DG Se eee 320 46.6 
ORR eee = Pe 1602-2 -sS 80 AO ALT Ths Ile 320 51.2 
WiHeaG tent os ee 120 50 160 1O07) See oS 430 28.1 

TAIT G15) oe a PAO. ta ped 80 Le ERE ee 400 46.8 
OF oe Ee ee ee bee DAN eo ee 80 SO 400 50. 7 
updos CSc... sce 200 50 160 | “9 aa Fa 510 28.9 

Tons 

monhe@orn:. 2 hr LEE ee ee ye ea _ eater 22 4.0 4.0 43.0 
ONE Ee I Pee, a IS a | ES ae (ee eee Be seat Ss 39.5 
WWRCAT oe os et eee Beh 2 Se ee ee a 4.0 4.0 19.7 
Clover _...----. /3eheree fd weaeeisy tee De es Se eee | ee 2 ee 
Mimoth ya ce 2 2s ee | he oe eo cle ee nee eee eee | Dae eee Sa ee 

Wea @ornes. 38). fA. Sa Sn) eee | Se eee teks. 8.0 8.0 52.6 
Opisten. $202 fe eee he ol ee a 8 Pe eee eee ol eee sae 46.6 
WianORb nes. ce ee S tl onetccedes | Seen e ete eee e ee. CD eee eee 8.0 8.0 24,2 
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In Table 29 is shown the similarity in the fertilizer treatments 
_ given to the five pe selected, as based on the quantities of the three 


major nutrient elements applied per acre. 


TABLE 29.—Quantities of the major nutrient elements applied in the form of chem- 
ical fertilizers and manure to five of the selected Wooster plots 


[12, p. 585] 


Plot Crop Quantity of material applied per acre 


Nitrogen ee Potassium 


| Nutrient elements (per acre) 
| 


Chemical fertilizer in continuous culture: 


12,3 Core So DOMNOS AMMAN Y= eee ker ot a ee 25 7 26. 5 

ais 342.5 pounds annually____.....__-------- | 7.5 30.7 

2 | Wheat_..____- 430 pounds annually____..._..-.-.-_-.-- 25 | 11.2 | 41.0 
Chemical fertilizer in rotation: 

2 i 320 pounds annually-----.--_.-----.---- | 25 | 5.6 32.8 
i aes eoy ( ies > weenie ers coniean |S era 5," | 5.6 | 32. 8 
Wheat... -—=- 430 pounds annually-_-_-~-___---.-._.---- 25)= | 1 a 41.0 

Manure in continuous culture: 
Go ea 2 io. tos annualhy 2! 2-2 Ae 33 6.9 | 21 
| Vp ET oe eas ERS ine ee eee a ee So ee Sore) 6.9 | 21 
Ao SS Sea 7 Ptonscramsay re 4 28 8S 2 SB) a+ 4.5 | 14 
| Manure in rotation: | | 
= Oye ele BS Se So SS ee bie ae ee 35. 2 | 7.4 | 22. 4 
CY uae Beta Selamat. ea oh typ lees ee enine: Serene (?) (2) (2) 
Wiest. AL EOTIS Regs aio ee eee ee BE On| 35. 2 7.4 | 22. 4 
{ | } | 
1 Average. ? Residual effect. 


In Tables 30, 31, 32, and 33 are given in detail the yields of corn, 
oats, and wheat on the plots which have been selected for study, 
both in continuous culture and in rotation for each year from 1894 
to 1913, and the average yields for the fifth 5-year period, 1914— 
1918. The gains per acre are also given. The gain in each case 
has been determined by taking the difference between the yield on 
the fertilized plot and the calculated yield on the same plot if it were 
not fertilized—the latter yield being determined by the “ progressive 
method,”’ assuming any variations in the soil between two successive 
check plots to be uniformly progressive. 
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TABLE 30.—Average yields of corn, oats, and wheat, and gains per acre, on plots 
2 and 8 in continuous culture for 25 years, 1894-1918, Wooster, Ohio — 


Yields and gains per acre (bushels) 


| 
Corn Oats Wheat 


Years ——— 


: ferti- 
lized | tilized | lizer | lized | tilized | lizer lized | tilized | jizger 


12.70 | ; | 

| ERPS i es 40. 32 | 19. 37 | 25.23 | 20,24| 1825] 294] 15.31 
Ol LD al ES 48. 06 | 21. 68 20.09 | 18.82| 18.00) 222) 15.78 
7 Se a 49. 82 23. 36 20.04) 19.41 | 20.75 | 9.80| 10.95 
“SEES ie Se a 45. 40 30. 54 20.78 | 24.93 | 26.00) 13.44] 12.56 
“0 J Se eae 32. 14 24.12 4.88 | 17.03 26.50) 12.44] 14.06 

5-year average.________ 43.15 | 23. 81 18.20} 20,09| 21.90} 8.17] 13.73 
ee el et 24. 21 | 19. 97 31.49 25.00| 8.37| 4.01 4. 36 
| SYST td a incige. 45. 57 24. 84 97.27 | 21.28! 10.25| 2.99 7, 26 
OOS SIGE SL an 41. 69 20. 10 q 16.61 | 25.61 | 20.17 | 9.64] 10,53 
Rhy ea eee 26. 83 20. 61 : 12.93 | 15.24) 19.33} 5.52| 13.81 
("JA OI RE ee Ros. | 27.97 15. 31 ; 17.49 | 22.74] 28.95 | 8.85 | 20.10 

5-year average-......-- 33. 25 | 20. 17 t 21.16 | 21.97 | 17.41 
IPsec. 220). breton bes. 30. 61 20. 38 " 17.07 | 20.51 | 27.25 
OS CS iy Se aS cae ys 20. 75 14. 49 Y 22.81,| 13.40 | 22.17 
WHOA sts ao i. 41. 00 25. 20 . 1.40) 7.19| 14.67 
Ti) OP Sie a cepa 37. 02 24, 42 31.75 | 26.34| 2.46 
I Bn Cres nO 28. 73 18. 21 .93 | 11-21] 11.72 |’ 19.83 

5-year average________- 31. 62 20.54 | 32.68| 16. 85 | 15.83-| 17.28 

5-year average, 1914- 

1 sp jae ball MRE Go 62 17.73 20.32 | 20.96 | 22.32 
25-year average. ...__- 35. 88 19. 00 ; | 20. 86 | 18. 31 19. 74 


1 Annual yields not published. 
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TABLE 31.—Yields of corn, oats and wheat, and gains per acre, on plot 11 in rotation 
for 25 years, 1894-1918, Wooster, Ohio 


Yields and gains per acre (bushels) 


Corn Oats Wheat 
Years 
Plot 111) Plot 11) j22 | Plot 11 | Plot 11| G22 | pot 11| Plot | Gain 
ferti- jif unfer-| ‘pti. | ferti- jif unfer-| “fer¢i- | ferti- |if unfer-) 474; 
lized | tilized lige lized | tilized Tiger lized | tilized | hee 
a ae 
Uli. 2 eee 20. 46 20. 26 33.28 | 24.20 10. 08 18. 54 18. 96 —0. 42 
Ler ie: eS eee oe 42,14 31. 69 37.57 | 26.66 10. 91 10. 83 3. 00 7. 83 
UU SA es eee A eS 68. 57 53. 86 37. 34 22. 09 19:25 9. 04 1. 28 7.76 
Le See eS Se ee 33. 89 24, 32 61. 56 43, 54 18. 02 30. 58 9. 83 20. 75 
Li ee et 41. 36 22. 68 48. 28 37. 96 10. 32 33. 67 15. 96 17.71 
5-year average._.______ 41. 28 30. 56 43. 61 | 30.69 | 12.92 20. 53 9. 80 10. 73 
i REO ae ee eee 37. 93 24. 37 13. 56 58. 60 36. 09 22.51 22. 83 | 5. 64 | 17.19 
$900 22 Sia ss Se Sst 46. 68 24. 99 21. 69 43.12 18. 80 24. 32 11. 67 1. 00 10. 67 
Ue Bo ee ee ee 75. 89 48. 88 27. 01 57. 03 30. 78 26. 25 27. 25 5. 94 21.31 
1 eS Be 2 ee 70. 35 49. 59 20. 76 60. 62 36. 51 24.11 BY ARS! 10.36 | 26.97 
EES EE oS ES SE tS 2 aes a Pa 18. 64 4, 41 14. 23 43.05 | 21.56 21. 49 38. 25 20. 30 17. 95 
5-year average-__....-_- 49.90 | 30.45 | 19.45 | 52.48 28. 74 | 23.74 | 27.47 |}, 8.65 | 18. 82 
i Ue es a es a ee 36. 07 14. 37 21. 70 66. 41 46. 88 19. 53 26. 83 8.91 | 17.92 
POOR saa 2 Sse 26255552 Sse | 52. 81 a eet 21. 66 61.40 | 39.53 21. 87 24. 75 4. 38 20. 37 
Pop see ectie ee MA 4 eA 42:45 42. 02 30. 73 52. 90 26. 92 25. 98 42.70 21.01 | 21:69 
Ce SS oP eee A 64. 39 36. 20 28. 19 32.97 | 18.18 14. 84 29. 79 13.22 | 16557 
Ls | A ee IR Sey g eee 44. 64 26. 72 17. 92 | 53.75 | 44. 24 | 9. 51 41. 45 21. 42 | 20. 03 
5-year average. __.._.-- | 54.13! 30.09] 24.04| 53.49| 35.14! 18.35| 33.10] 18.78| 19.32 
_, SSS Ss ee | 38.25 | 17.94| 20.31| 53.60| 33.99] 19.61| 3417] 20.63| 13.54 
TU Uae Ee ee ee ae PS HQ8 ste 38 5. 90 47.89 | 34.81 13. 08 26. 75 7.79 18. 96 
LES IRS OES 1 ed ae a 76.36 | 41.55 34. 81 36. 79 13523 23. 56 22. 00 6. 45 15. 55 
ROUZE. 2 0 et ie Sb ek @)ie Pe -@) (2) 65. 55 33. 29 32.204) = Sako 0. 97 8. 78 
OU) Ses >: ae a he ee a 34-68%: 15. 72 | 22. 49 24, 22 9.06 | 15.15 39. 46 22001 17. 45 
5-year average. _..___.- | 41.37 20. 49 20. 88 45. 61 24.88 |} 20.73 26. 43 G7 14. 86 
SS SS SS SSS SS S| 
5-year average, 1914- | | H 
Yop nas, Secrets ate er 46. 34 24. 62 21.72 61. 03 40.14 | 20.87) 33.06 | 13. 88 19.18 
25-year average___..._- | 46.60 | 27.24 | 19.36 | 51.24 | 31. 92 19.32 | 28.12 | 11. 54 | 16. 58 
| 


1 Fertilized with complete chemical fertilizer. (See Table 28.) 
2 Crop injured by white grub. 
3 Annual yields not published. 

60635—267 
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TABLE 32.—Average yields of corn and wheat on plots 5 and 6 (manured) and of 
oats on plot 6 in continuous culture for 25 years, 1894-1918, Wooster, Ohio 


Yields and gains per acre (bushels) 


_—— | | | ee 


=————S— oa. OCOPOS=S = _ LS S=|_«W__—— = 


6.64 | 17.92] 26.09} 18.37 7.72 | 16.42 6. 06 10. 36 


Corn Oats Wheat 
Years 

Aver- | Aver- | Aver- Aver- | Aver- | Aver- 

age of | age of age Plot 5 Plot 5 | Gain | age of | age of age 

plots 5| plots5| gain cas if un- | due to | plots 5| plots5| gain 

and 6 | and6if| per ee ma- | and6 | and 6if| due to 

ma- | unma-/| acre nured | nure ma- | unma-| ma- 

nured | nured | nured | nured | nure 
TC) I OP SI BE SO 21.36 | 19,14 2.22} 26.41] 24.99 142) | 19-79) | 12238 1. 41 
eaiee . [es 1 ee 43.43 | 29.32] 1411] 33.98} 33.36 0.62 | 9.13 4. 80 4. 33 
ARG 5. LAD se 65.34] 50.39 | 14.95 | 26.41] 24.27 2.14) 406 1.12 2. 94 
1 AGU pene eats tan Seat) eteape 22.64) 10.03} 12.61] 34.06] 31.46 2.60 | 26.71 | 20.42 6. 29 
1) Sa SS = SO SF 46.15 | 27.09] 19.06 | 33.28 | 28.08 5.20 | 18.96.) 11.79 TAT 
5-year average. .....--- 39.78 | 27.19 | 12.59} 30.83] 28.43 2. 40 14.53 | 10.10 | 4. 43 
itt a 2 ae Oe eae ee 32.77 | 18.43 | 14.34] 31.87] 27.40 4. 47 9. 38 3. 63 5.75 
|, 1, | Sees RSS RR SS Be 43.13 |) "23. 17 |? 19, 06 29. 87 1) 21. 61 7. 76.| 11.38 2 71 8. 67 
31-8); Eee a eee a 41.46] 21.64| 19.82] 31.09] 23.80 7.29 | 18.16) 10.62 7. 54 
ih, De we pa ad i pa Bae 33.88 | 12.88] 21.00 | 382.19 | 23.12 9.07} 19.83] 15.74 4. 09 
1: nS ea a a CS SE 22. 13 5.32] 16.81] 18.04 5.96 | 12.08} 23.08] 12.70 10. 38 
5-year average....----- 34.67| 16.29| 1838| 2851] 20.38] 813| 16.37| 9.08| 7.29 
2 Se SE Se Se: «eo 21. 91 2.55 | 19.86 | 55.47 | ° 33.44 | © 22.03 5. 69 3. 70 1.99 
12) a eS TS eee Ae ee 44.22| 15.34] 28.88, 40.70] 29.50] 11.20 8. 61 2. 90 5.71 
tt or ee Se ee +e 35.75 | 16.53 | 19.22 |. 30.94 | 15.54) 15.40 | 20.25 9. 54 10. 71 
ay te ek ees 19. 03 3.04] 15.99 | 23.98 | 13.49] 10.49] 13.54 5. 97 7. 57 
CS SEP Se ee SS 25. 09 7.538 | 17.56] 24.06] 18.26 5.80 | 26.19 9. 85 16. 34 
9.00; 20.20} 35.03} 22.05; 12.98] 14.86 6. 40 8. 46 
6.05 | 14.72} 26.88} 17.60 9.28 | 25.37] 10.48 14. 89 
3.65 | 15.20} 30.65 | 23.96 6.59 | 22.46 6. 80 15. 66 
9.38 | 24.56 6. 63 2.99 3.64] 13.65 2. 83 10. 82 
9.11} 19.51] 49.30 | 36.94 | 12.36 1, 87 1.00 . 87 
5,00 | 15. 64.) 17. 12.49 10. 37 6.74 | 18.75 9. 21 9. 54 


7.54] 16.89 | 28.79} 19.38 | 9.41 | 20.62 9. 27 11.35 


Tense Meare 24. 43 
25-year average__-...-- 30.53 | 13.33 | 17.20| 29.85| 21. 72 8.13| 16.56| 8&18| 838 


1 Annual yield not published. 
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TABLE 33.—Yields of corn, oats, and wheat, and gains per acre, on plot 20 (manured) 
in rotation for 25 years, 1894-1918, Wooster, Ohio 


Yields and gains per acre (bushels) 


Corn Oats | Wheat 


Years | | | ; 
j | | 
jlo |) EX! | Gain | Plot | a0! -| ‘Gain | Piet: ange 1 eae 
| 20 ma- | yima- | due to | 20 ma-| 744. | due to | 20 ma-| jing. | due to 
nured | nured |anure|nured!) | W-4q |manure) nured | 1+.q manure 
i———— 
Le ae | 17.28] 19.87] —2.59| 23.98| 2427] —0.29/] 17.46] 17.99] —0.53 
__ Sc en 37.21 | 35.29] 1.92] 34.22] 27.60| 6.62] 7.17] 261} 4.56 
"| Sa are | 55.68} 50.84) 4.84| 26.56| 2411} 245) 479) 122] 3.57 
__ a ae 44.54) 24.74| 19.80| 37.50| 36.97] 0.53] 1292| 867| 4.25 
je ae | 39.86) 2831 / 11.55 | 39.68} 3609) 3.59) 15.04| 1065) 4.39 
5-year average..__...-- | 38.91 | 31.81 7.10 | 32.39 | 29.81 2.581 11.48} 8.23 3. 20 
2a oa | 41.32 | 25.52| 15.80| 4406] 3469] 9.37) 13.50] 7.75] 5.75 
_ Rot Sy eee ae | 87.96 | 26.87] 11.09] 3422] 19.53} 1469| 7.75| 0.69| 7.06 
_ _ Sh aay ee 49.07 | 38.65! 10.42] 38.66! 31.56] 7.10) 1433| 6.36! 7.97 
TS Eee are ee | 74.82| 56.41| 18.41 | 31.41{ 29.73] 1.68} 16.42] 10.28| 6.14 
“oS ees 1 a ae | 1221] 382] 839] 33.91] 21.48] 12.43 | o133| 1620) 5.13 
5-year average....-..-- | 43.08 | 30.26) 12.82 | 36.45} 27.40 9. 05 14, 67 8. 26 6. 41 
| | a | | 
a ne | 37.25 | 18.96| 18.29/ 54.06| 46.61/ 7.45] 2221| 10.00) 1221 
ee | 50.57| 35.38) 15.19] 47.65] 3898] 867] 1312] 541| 7.71 
ae re 53.54 | 36.04| 17.50| 37.50] 28.25] 9.25] 37.08| 2272] 14.36 
ee 67.92 | 39.74| 28.18] 2219] 14.84| 7.35] 2250} 13.96| 8.54 
RTT ee See aban 42.25 | 27.67| 14.58) 48.59] 41.82| 6.77| 27.46] 17.68) 9.78 
5-year average. __..--- | 50.31 | 31.56/ 1875 | 4200] 3410| 7.90) 2447/| 13.95} 10.52 
_. sfonde 43.11 | 23.44| 19.67| 45.39| 34.87| 10.52| 33.21| 2241| 10.80 
STS TYEE Se eee ae 20.35| 614| 1421] 46.09| 3850| 7.50] 23.54] 7.76| 15.78 
i rae 61.89 | 35.15 | 26.74| 3273| 16.51) 16.22] 20.33] 7.42]. 12.91 
eG 2 2 2) | 40.07| 31.47| 860] 633] 117) 5.16 
Re et ee 31.50 | 13.52| 17.98| 17.42] 13.30] 412] 26.54] 1687| 9.67 
5-year average...------ | 30.21 19.56| 19.65| 36.34) 26.95] 9.30] 21.99) 11.12) 10.87 
5-year average, 1914- | | 
cp | eens SOE 42.52 24.89 | 17.63| 50.42| 40.66| 9.76| 25.83 | 14.84] 10.99 
25-year average-.--..-- | 42.81 | 27.62| 15. 19 39.52 | 31. 78 | 7. 74 19.69) 11.28| 8.41 


1 Residual effect of manure applied to corn. No direct manure application made on oats in rotation. 
? Injury by white grub. 
3 Annual yields not published. 


The oat crop on plot 20 in rotation does not receive any direct 
eee of manure, but it receives the residual effect of the 4 tons 
of manure applied to the preceding corn crop. In continuous culture, 
the nearest approach to yields a with the oat yields on 
plot 20 in rotation are those obtained on plot 5, which receives an 
annual application of 2.5 tons of manure per acre. This explains 
why the oat yields in rotation are compared with those on plot 5 in 
continuous culture, instead of with the average of the yields obtained 
on plots 5 and 6, as in case of the wheat and corn. 


RESULTS WHEN ROTATION AND FERTILIZATION ARE PRACTICED INDEPENDENTLY 


From the 25-year averages given in Tables 30, 31, 32, and 33, 
Table 34 is constructed, summarizing the average yields per acre 
and the increases over check plots in continuous culture, and showing 
the relative values of crop rotation in increasing crop yields when 
ee and the use of fertilizers are practiced independently of each 
other. 
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TABLE 34.—Effects of crop rotation and of the use of fertilizers on the yields of 
wheat, corn, and oats. Wooster, 25-year results 


(Rotation and fertilization practiced separately) 


Relative 
value of 
Increase | crop ro- 
over |tation, as 
Average | check /compared 


Plot Crop Cultural conditions yield plot with fer- 
per acre | incon- | tilizers, 
tinuous in 
culture | effecting 
larger 
yields 
| 
, Bushels | Bushels | Per cent 
1l Crop rotation without the use of chemical fertilizer (r) 11. 54 er) 31.5 
2 Wheat Use of chemical fertilizer without crop rotation (f)-_-- 19. 74 1.97.) eee 
20 ------|)Crop rotation without the use of manure (r)_..____-_- 11. 28 3.10 37.0 
15,6 |{Use of manure without crop rotation (f)_-.-_..___-_- 16. 56 SiS 1... sae 
11 Crop rotation without the use of chemical fertilizer(r) - 7. 24 10. 36 54.5 
12,3 Gorn Use of chemical fertilizer without rotation (f)_-____-- 35. 88 19:00 2222s wees 
20 Ste oi Crop rotation without the use of manure (r)_-._____- 27. 62 14. 29 83.1 
15,6 \{Use of manure without rotation (f)..__-...____-_._-- 30. 53 17.20 ates ees 
ll |(Crop rotation without the use of chemical fertilizer (r) _ 31. 92 11. 06 60. 4 
12:3 Oats |} Use of chemical fertilizer without rotation (f)_-..___- 39.17 18.31. uc cates 
20 ile |)Crop rotation without the use of manure (r)________- 31. 78 10. 06 123.7 
5 (Use of manure without rotation (f)-_---.-.--.------- 29. 85 BOIS: lec Se 
1 Average. 


The comparative separate effects of crop rotation and the use of 
fertilizers in effecting ae yields of wheat, corn, and oats, under 
the conditions of the Wooster ex eriments, are reflected in the relative 
values of rotation. Here it is shown that, in each case, the rotation 
effects in the manure series are relatively higher than in the chemical- 
fertilizer series, the average relative values for rotation being 81.3 
per cent and 48.8 per cent, respectively, for the two series. 


a 
O 


RESULTS WHEN CROP ROTATION AND THE USE OF FERTILIZERS ARE CONJOINED 


In Table 35 are summarized the results of the Wooster experiments 
when rotation of crops and the use of fertilizers are combined, show- 
ing the relative values for rotation (#2) and the additive effects of 
conjoining rotation and the use of fertilizers. 


TABLE 35.—Relative values of rotation (R) and additive effects of conjoining rotation 
and the use of fertilizers, Wooster, Ohio 


Additive effects of ro- 


Values for F 
tation and use of 
Rand F fertilizers 
Sum of 
| Average | Relative | OCrcases | Actual 
Crop | Cultural conditions yield per value of |@Hected bY | increase 
| acre R rotation | | effected by 
R | F and use of | oonjoinin 
fertilizer es os in 
when f 
practiced ang ait 
separately 
(r+) 
Wheat--_..-- Rotation and use of chemical | Bushels |Bushels| Bushels| Per cent | Bushels Bushels 
Tortiliger- L380 eee Fed 28. 12 8. 38 16. 58 50. 5 15. 74 20. 35 
Rotation and use of manure-_- 19. 69 3.13 8. 41 37.2 11. 48 11.61 
Corn. ..... Rotation and use of chemical 
foriilizer- Sf oo a 46.60} 10.72} 19.36 55. 4 29. 36 29.72 
Rotation and use of manure_- 42.81} 12.28; 15.19 80. 8 31. 49 29. 48 
Oatsieu. 5. Rotation and use of chemical 
ROTH OR= 56 eee ee 51. 24 12. 07 19. 32 62.5 29. 37 30. 38 
Rotation and use of manure ! 39. 52 9. 67 7. 74 124.9 18.19 17.80 


1 Residual effects, manure is applied to corn and wheat in the rotation. (See Table 28.) 
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These experiments on wheat, corn, and oats at Wooster show that 
rotation of crops, when joined to the use of chemical fertilizer, is 
56.1 per cent as effective in increasing crop yields as the use of 
chemical fertilizer when joined to rotation of crops, as is indicated 
by the relative values of 2. When compared with the use of manure, 
rotation (#) has a higher efficiency than when compared with the use 
of chemical fertilizer, as is indicated by an average relative value of 
81.0 per cent for R. 

The figures in the last two subcolumns show that the conjoint 
effects of rotation and the use of fertilizers, in effecting increases 


> ee) 
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Fic. 4—Chart summarizing the rotation and fertilizer results obtained on wheat, corn, and oats 
at Wooster, Ohio, showing the average yields that have been obtained from cultivation alone, 
the increases effected when to cultivation is added rotation or the use of fertilizer, and the in- 
creases obtained (over cultivation) due to the conjoint effects of rotation and the use of fertilizers. 
The numbers below the bars are the plot numbers 


above the check-plot yields in continuous culture, are practically 
fully additive, except in case of the combined effects of rotation and 
the use of chemical fertilizer on wheat, where the effects are more 
than fully additive. 

In Figure 4 are summarized in diagrammatic form the results 
obtained at Wooster, as follows: The average yields of wheat, corn, 
and oats that have been obtained from cultivation alone, that is, with- 
out rotation and fertilizer; the increases obtained when with culti- 
vation is combined the practice of crop rotation or the use of ferti- 
lizer; and the increase over cultivation due to the combined effects 
of rotation and the use of fertilizer. 
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In the last two bars of each series the horizontal and vertical 
hachure may be interpreted to represent either the values for R and F 


(the increases effected by rotation when added to the use of fertilizers. 


and the increases effected by the use of fertilizers when added to 
rotation) or the values of r and f (the increases effected by rotation 
and the use of fertilizers when practiced independently of each other). 
It is to be noted that in th 

plot 11 (rotation and fertilizer) the hachure showing the values for 
rotation (R) and fertilizers (/) overlap to the extent of 4.61 bushels, 
as indicated by the horizontal-vertical crosshatching. This value 
of 4.61 bushels measures the interactive effects of rotation and the 
use of chemical fertilizer when the two practices are conjoined. The 
horizontal-vertical crosshatching also shows how much greater the 
increase effected by the conjoint action of rotation and the use of 
fertilizer is than the sum of the increases effected by these two 
practices when acting separately. 


GERMANTOWN EXPERIMENTS WITH TOBACCO 


The experiments on tobacco at Germantown, Ohio, were begun in 
1903. Published results cover the 16-year period from 1903 to 1918, 
inclusive (12, pp. 629-634). The rotation involved consists of 
tobacco, wheat, and clover, grown in the order named. Only 
tobacco is grown in continuous culture. The rotation plots are 
repeated, so that tobacco yields are obtained for each year. 

The Germantown plots are one-twentieth of an acre in size and 
are located on a heavy soil designated as Miami clay loam, which is 
the product of the weathering of a thick bed of glacial drift composed 
largely of the detritus of limestone rocks. Thus, originally, this 
ar was well supplied with carbonate of lime, and for this reason 
tobacco has not responded to liming. The experimental results 
selected for this study have been obtained on unlimed soil. 

The yields of tobacco which are nearest to being comparable are 
those which have been obtained on the plots indicated in Table 36. 


TABLE 36.—Soil treatment and yields on Germantown, Ohio, plots 
[16-year averages, 1903-1918] 


Fertilizer materials used (per acre to 
tobacco) 


System ofcropping| Plot Crop er tak yields 
Nitrate | Acid | Muriate | yranure | acre 


of soda |phosphate| of potash 
| Pounds | Pounds | Pounds Tons | Pounds 
Continuous euttare {yy y4'y7 | POPaROrmrterer atl) A ay OP eign 2D lemmntaat es 
Tobacco... ..-....--! 240 480 129 els. 243. 1, 141 
12 | ba terans CES IEP! by EERE he ee HELA eS eee eee 
. | OVGE. 2: <3. 3 eee es) ee ea ee Ree oS See ee ee 
Rotation. ...----.-- | EB OD 8000 aces so $-by = pl s= aie aprebl neem peetielas mada acl 10 993 
O24 WW TGRG 26 Sees AT Se eee re | eee ee ee een tee) REE a 
{iGloverg.iss: 4 A064.-2 eeolal se: bo tose. [Jodo 


1 Same treatment on each plot. 


The data of the tobacco yields on the selected Germantown plots 
are summarized in Tables 37 and 38. 


e bar showing the yield of wheat. on, 


—— 
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TaBLe 37.—The effects of crop rotation and the use of fertilizers on the yields of 
tobacco, Germantown, Ohio 


[Rotation and use of fertilizers practiced separately] 


| Relative 
value of 
| crop rota- 
Increase tions, as 
Average | over check | compared 
Plot No. Cultural conditions yield per plotin | with ferti- 
acre continuous | lizers, in 
culture effecting 
increases 
over culti- 
| vation alone 
i 
{ | 
Pounds Pounds Per cent 
12 | Crop rotation without the use of chemical fertilizer (r)-__-- 524 213 28.3 
9 | Use of chemical fertilizer without rotation (f)---.----...-- 1, 064 153 | ia ee 
9 | Without rotation and without the use of chemical fertilizer S11 cates ee 
32 | Crop rotation without the use of manure (r)__.-----_----- 512 177 32.8 
11, 4, 17 Use of manure without rotation (f)_-_-_------------------ 875 540 [23222 ee 
1, 4, 7, 10 


Without rotation and without the use of manure__--___-_-- Boo: (Sos. 2h A ae 


} 


NotTEe.—Because of the arrangement of the manured plots in continuous culture it seemed advisable to 
average the yields on plots 1, 4, 7, and 10 to obtain a check-plot yield in the manure series. 


TABLE 38.—Relative values of rotation (R) and additive effects of conjoining rotation 
and the use of fertilizers 


[Tobacco, Germantown, Ohio] 


Additive effects of rota- 
Values of R and F | tion and use of fertilizer 
} 
| 
Sum of in- 
| Average | | Relative | (eases ek | actual 
Cultural conditions yield per | value of | ‘Totati a increase 
acre | R and use of effected by 
| | oF x fertilizer | ConJoining 
| | 5 rotation 
practiced and use of 
| separately fertilizers 
(rtf) 
gd FET ae ke Pe sees |e ei Re ee ee 
Pounds | Pounds | Pounds | Per cent Pounds Pounds 
Rotation and use of chemical fertilizer-| 1,141 LE 617 1225 966 830. 
Rotation and use of manure-_-------_-- | 993 | 118 481 24, 5 717 658 


These results show that under the conditions of the Germantown 
test, the 3-year rotation of tobacco, wheat, and clover is only 28.3 
per cent as effective as the use of 840 pounds of a complete fertilizer 
per acre and only 32.8 per cent as effective as the use of 10 tons of 
manure when rotation and use of fertilizers are practiced independ- 
ently of each other, and only 12.5 per cent and 24.5 per cent as 
effective as the use of chemical fertilizer and manure, respectively, 
when the one practice is combined with the other. 

The combined effects of rotation and the use of chemical fertilizer 
or manure are somewhat less than fully additive; that is, in effecting 
increases in the yields of tobacco over the check plots in continuous 


eulture. 
URBANA EXPERIMENTS WITH CORN 


The Morrow plots at Urbana, Ill., furnish results on corn which 
may be given consideration in this study of the value of crop rotation. 
The Morrow field ‘‘consists of three plots divided into halves. On 
one corn is grown continuously, on the second corn and oats are 


40 


rown in rotation, and on the third, corn, oats, and clover (in rotation). 
he north half of each plot is untreated, whereas the south half 
receives standard applications of manure with cover crops (in the 
one-crop and two-crop systems). Rock phosphate is applied to the 
southwest one-fourth of each plot at the rate of 600 pounds, and 
steamed bone meal to the southeast one-fourth at the rate of 200 
pounds per acre per year. In 1904 ground limestone was applied at 
the rate of 1,700 pounds per acre to the south half of each plot.” 
(6, pp. 486 and 487.) 

These experiments were begun in 1888 on land formerly highly 
productive. Comparable yields of corn—that is, yields on fertilized 
and unfertilized land in continuous culture and in rotation, begin 
with the year 1904—corn being the only crop that is grown in con- 
tinuous culture. 

The Morrow plots are located on a prairie soil described as a brown 
silt loam which has probably developed from the weathering of 
glacial material deposited during the early Wisconsin glaciation. In 
reaction the soil had become somewhat acid. 

In Table 39 are given the comparable yields of corn obtained in 
continuous culture and in rotation at Urbana. 
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TABLE 39.—Yields of corn in continuous culture and in rotation, Urbana, Ill., 
1904-1916 
re 3 


Rotation (corn, oats, 
and clover) 


Continuous culture ! 


Years is" Gant Seat 

Fertilized | Unfer- | Fertilized | Unfer- 

| (MLP)? | tilized | (MLP)? tilized 
= Fe =: ee | — a 

Bushels Bushels Bushels | Bushels 
ee a oer ences. AR lS bos ea ae eae Lio. 21.5 (25% 55. 3 
At dite ol Li RR TE eee age een anes A e-em 48.7 29. 0 93.6 | 80. 5 
paella i DO Se SEE Le seee 54.6 35.9 83. 3 | 58. 6 
ULB ee De ae RA a ere ene 8 2S CE Se ee 32. 0 19.4 47.8 | 33.8 
AE [OS agli IE SIERO. Cb aise) Seg ie 3 1: ontak Teta! He 10.8 11,2 40.6 27.8 
ASRCAPD 0 CLODS: uo. a-eaciatt .) ~ oBieee th. ae 32. 6 23. 4 67.6 | 51. 2: 

| 


1A cover crop is grown on the continuous-culture plot, but not on the rotation plot. This balances, at 
least in part, the heavier applications of manure made on the rotation plots. 

2 M(manure), standard application, the quantity that can be produced from the produce grown. P(phos- 
phorus), bone meal and roek phosphate. L (pulverized.limestone). ; 


The results of a study of the average yields given in Table 39 are 
summarized in Tables 40 and 41. 


TasBLe 40.—Effects of rotation and of the use of fertilizers on the yields of corn, 
Urbana, Ill. 


{Rotation and fertilization practiced separately] 


Relative 
value of 
Increase | rotation, as 
Average | over check compared 
Cultural conditions yield per plot in with 
acre continuous | fertilizers, 
culture | ineffecting 
larger 
yields 
Bushels Bushels Per cent 
Crop rotation without the use of fertilizers (r)__......_..-.----_----- 51.2 27.8 
Userol fertilizers-without rotation’) 4+. 5 ee Sera Ss ee 32. 6 9/2422 24% SS 
Noizotation andina fertilizer; . fycs2ef 2 si 2ht.. ceens =e bees 23.044 | eicuines 2.2. | grea Seles 
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TaBLe 41.—Relative value of rotation (R) and additive effects of conjoining rotation 
eo and the use of fertilizers, Urbana, Ill 


i ! | 
| | Additive effects of ro- 
ales 4 | tation and use of 
fertilizers 
| ' 
| ; Sumof | 
Average | Relative increases Aictnal 
Cultural conditions yield per | value of | effected by ate 
acre | R | rotation | effected b 
| and use of | aS 
Pyar eee | fertilizer | COMJomming 
| | l-; “when | rotation 
practiced pier b his 
| separately 
| (r+f) 
ee ee ee 
Bushels | Bushels | Bushels | Per cent Bushels Bushels 
Rotation and use of fertilizers____________- 67.6 35.0 |} 16.4 213. 4 | 37.0 44,2 
Rotation without use of fertilizers_________ aia ey b_ b4xh oo forest ey nyysty aie ae eee 


Use of fertilizers without rotation__________ cA: es renee hat ee ee ee 


These results indicate that, under 7 
the conditions of the Urbana experi- 
ments, crop rotation is three times as 66 
effective as the use of fertilizers in in- 
creasing the yield of corn, over culti- 
vation alone, when rotation and the 
use of fertilizers are practiced inde- 
pendently of each other; and when one 
practice 1s conjoined with the other, 
rotation (R) is over twice as effective 
as the use of fertilizers (F). And 
further, when rotation and the use of 
fertilizers are conjoined, their com- 
bined effects are more than fully ad- 
ditive, as determined by the increase 
in yield over the check plot in contin- 
uous culture. 

The results obtained on the Urbana 
field are visualized in Figure 5. It is 
to be observed that the hachure show- 
ing the values for R and F overlap to 
the extent of 7.2 bushels, as indicated S 
by the crosshatching. This measures 
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the interactive effects of rotation and oO 
the use of fertilizer when these practices Fy Ake WHOL ROTATION 
are combined, and it shows how much AUP FERTILIZERS 
greater the increase effected by con- Wig Se 4 
joming rotation and fertilization is CIN CREDITED 
than the sum of the gains resulting TO FERTILIZERS 
when rotation and the use of ferti- Fic. 5.—Chart summarizing the results on 
lizers are practiced separately. corn at Urbana, IIl., showing the average 

M zi yield from cultivation alone, the increase 
' FLORENCE EXPERIMENTS WITH COTTON effected when crop rotation or the use of 


fertilizers is combined with cultivation, 

The South Carolina results herein — éffects of rotation and the use of fertilizers 
considered are those obtained with 

wilt-resistant cotton (Dixie variety) on the rotation and contin- 

uous-culture plots of the Pee Dee Experiment Station located at 
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Florence, S. C. (1). Though these experiments have not been in 
progress very long, having been started in 1914, they are the best 
obtainable on cotton at this time. 

The rotation concerned is a 3-year, system, described as follows: 
First year, corn and cowpeas; second year, oats followed by cowpeas; 
third year, cotton. 

All the rotation plots are repeated three times, as series A, B, and 
C, so that cotton yields are obtained for each year. Only cotton is 
grown in continuous culture (series D). The plots in both the rota- 
tion and continuous-culture series are numbered in the same order 
it. the corresponding individual plots in each series are fertilized 

e. 

The soil on which these cotton experiments are located is a very 
fine sandy loam of the Orangeburg series. Under cultivation, the 
surface stratum of this soil is of a grayish color, becoming pale yellow 
at a depth of about 5 or 6 inches. At depths of from 10 to 15 inches, 
the soil consists of a red, friable fine sandy clay. In reaction the soil 
is somewhat acid. 

In the Pee Dee station experiments no manure is used, hence com- 
parable yields are confined to the results obtained from the use of 
chemical fertilizers. Three of the plots, 24, 27, and 30, are fertilized 
annually with a complete fertilizer equivalent to a 1,000-pound appli- 
cation of a 4-8-4? commercial mixture. Inasmuch as these three 
plots are given favorable fertilizer treatments, as indicated by the 
average yields of cotton, these plots have been selected for comparable 
yields. In Table 42 are given the fertilizer treatments and the 
average yields obtained on these three plots both in continuous 
culture and in rotation, compared with the treatments and yields of 
some of the other plots. 
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TABLE 42.—Fertilizer treatments and yields of cotton on some of the experimental 
plots at Florence, S. C. 


[6-year averages] 


Yields per acre 
Fertilizer materials (pounds per acre) of seed cotton 
| (pounds) 
Plot i | —— a: a 
: | Cotton- Acid | Muriate | Contin- | 
pee | seed phos- of Kainit uous ed 
meal phate | potash culture 
ee OS's So es mas ol i 
| | 
Rte ind Se ie ew | wa eee PO el See ee 1, 342 1, 417 
2 My pa Pi So a Cae” i, BOO Et Ep bd oe 1,385 | 1,699 
ee en ee ee SP | ae 1,240:.,) ©1621 
GaP cee eel | eee eee ere | 333.3 1, 240 1, 485 
12 ZO on? | ae eee |S 5OOl ee. 223 pas STs 1,622"): 1, 776 
16 ZA St | eee ee a2) oe oR he Ft eee ee 1,692 | 1,650 
15 D5 Soh sce _*| 2 eee [SI Ob SR: 333. 3 1, 725 1, 672 
Sy Rs PA se fe ee Se 500 SSiudy legs sees <u 1, 255 1, 675 
24 250 fees Saw 500 | Bao. ase oe ee 1, 877 1, 925 
27 83.3 | 380 450)}"|225- 423. 333. 3 1, 862 1, 846 
30 3.0 380 450 | to es el | Re ee 1710 <1 OL SLO 
34 250 lela se tbe A 250 | PS fis Be | oe es 1,680 | 1,880 
35 £1 Nie Pathe SAAN 1, 000 Coe a Re 1, 695 1, 955 
36 fen i aes 500 |) 18393 [2 LL2_ es 1, 597 1, 846 
37 1350 0} cp | Pepe in ae 500 | 13 1 leet eee 1, 785 1, 916 


2 In South Carolina and some of the othern Southern States this analysis is expressed as 8-4-4, the 8 per 


cent referring to P20s. 
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On each of the three selected plots, 24, 27, and 30, are applied 
annually the same quantities of the major nutrient elements. On the 
rotation plots like applications are made for corn and oats, so that 
for each 3-year saad the same quantities of fertilizing ingredients 
are applied per acre in rotation as in continuous culture. 

In Table 43 are given the average annual yields of seed cotton per 
acre and gains from fertilizers on the three selected plots in con- 
tinuous culture and in rotation for the period reported. The results 
recorded in Table 43 are from unlimed plots. 


TABLE 43.—Annual yields of seed cotton and gains per acre on experimental plots 
at Florence, S. C. 


Continuous culture Rotation 
Years a:., | Check | ae-.3 Check 
Ba ae | plots aver- | Gain from Ren | plots aver- | Gain from 
27 30 >| age 2 and | fertilizer 27.30. -28e = and | fertilizer 
? 1 | ? 

Pounds | Pounds | Pounds Pounds | Pounds | Pounds 
ea eee 1, 958 | 162 1, 960 1, 665 295 
Lo. ne eae a es i ee eras 1,995 1, 523 472 2, 195 1, 575 620- 
| Waa ee Ee ee eee ee 1, 060 | 878 182 1, 023 1, 407 —384 
LL tas CR, Se ee 1, 800 1, 080 | 720 1, 605 1, 388 | 217 
Li Be RE ON ee eS 2, 320 1, 230 1, 090 2,375 1, 838 | 537 
ia ee ee eee eee 1, 605 1, 260 345 2, 125 1, 853 | 272 
6-year average__......._- 1, 816 1, 321 495 1, 880 1, 621 259 


It is to be noted that the average gain from fertilizers is greater 
without rotation than with rotation; nevertheless, the average yield 
on the fertilized plots in rotation is greater than that on the cor- 
responding plots in continuous culture. 

In Tables 44 and 45 are given the evaluations of rotation and the 
additive effects of rotation and the use of fertilizer. 


Tasre 44.—The effects of rotation and of the use of fertilizer on the yields of seed 
cotton 


[Rotation and fertilization practiced separately] 


Relative 

value of 

Increase rotation, 

Average over check as com- 


Cultural conditions yield per plotin | pared with 
acre continuous | fertilizers, 
culture /ineffecting 

larger 

yields 


; Pounds Pounds Per cent 

Crop rotation without the use of fertilizer (r)_____-__.--------_-___- 1, 621 300 60. 6 
Macmninrizor wiLhowt rovacion-(f)_< ..- 2. ee 1, 816 495 122 eee 
MGLAMENT ANE INO fertiliger-. eo. terme gece ET BBQ hess secs 37] 4s RE 
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TaBLe 45.—Relative value of rotation (R) and additive effects of conjoining rotation 
and the use of fertilizers 


Values of Additive effects of ro- 
fertilizers 
Average Sum of 
yield of Relative | increases Actual 
Cultural conditions seed cot- | value of | effected by Figadey et 
ton per | R rotation flected b 
acre and use of | SHected by 
R F | fertilizer conjoining 
wher rotation 
| practiced ang 16 
separately ae 
(r+f/) 
Pounds | Pounds} Pounds! Per cent Pounds Pounds 
Rotation and use of fertilizers____._._.___- 1, 880 6 25 24.7 795 559 
Rotation without fertilizer____......._.._- LeBel ele Sa es alee ea. oes ee es ee | ee 
Use of fertilizer without rotation___..____- | LiBlGRRan cy shoe Yh) ol en ye 


These results with cotton obtained under the conditions of the 
South Carolina experiments show that when crop rotation and the 
use of fertilizers are practiced independently of each other, rotation 
is 60.6 per cent as efficient as the use of fertilizers in effecting in- 
creases in the yield, as measured from the check plot in continuous 
culture. On the other hand, when rotation is conjoined with the 
use of fertilizers it is only about 25 per cent as efficient in effecting 
increases in the yield as the use of fertilizer when conjoined with 
rotation of crops. In other words, the value for # is only about 
one-fourth as great as the value for F. These results also show 
that the conjoint effects of rotation and the use of fertilizers on the 
yield of cotton are additive, though less than fully additive. 

The chart in Figure 6 is a graphic summary of these South Caro- 
lina results on cotton, showing the average yield obtained from cul- 
tivation alone, the gain resulting when to cultivation is added rota- 
tion or the use of chemical fertilizer, and the average gain obtained 
when to cultivation are added rotation and the use of fertilizer. 
In the third bar, the diagonal hachures represent the values for R 
and F. The unhachured space, representing an unallocated gain 
of 236 pounds, measures the interactive effects of rotation and the 
use of fertilizer when one practice is conjoined with the other; and 
it also shows how much less the increase effected by the conjoint 
action of rotation and fertilizers is than the sum of the gains effected 
by rotation and the use of fertilizers when practiced independently 
of each other. 


ROTATION AND FERTILIZER EFFICIENCIES AS AFFECTED BY SOIL 
REACTION 


With the exception of the [linois results on corn, where the soil 
treatment consists of applications of ground limestone, manure, and 
phosphates, and the Rothamsted experiments, the experimental 
data presented in the foregoing tables have been obtained on soils 
that are somewhat acid in character. It is a fact universally recog- 
nized that, when the acidity of soils having from medium to strong 
degrees of acidity is reduced or corrected, the average yields of the 
crops in a rotation are usually increased, regardless of the fact that 
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some of the crops in the rotation, other than clover or alfalfa, may 
show but little or no response to a direct application of lime. 


In this study of the comparative 
effects of rotation and the use of 
fertilizers, all of the long-time lim- 
ing tests can not be considered, but 
mas those that meet with the con- 
ditions which make possible the 
evaluations of the effects of crop 
rotation and the use of fertilizers 
on crop yields. The liming tests 
that are thus in harmony with 
these conditions are those on wheat, 
corn, and oats at Wooster, Ohio, 
and those of a shorter duration on 
cotton at Florence, S. C. 

The published results of the 
Wooster experiments are for the 
rotation plots only, including a 13- 
year test on wheat (1906-1918), a 
19-year test on corn (1900-1918), 
and a 15-year test on oats (1901 
and 1905-1918) (72, pp. 598-601). 
The 6-year results (1914-1919) re- 
ported on cotton by the South 
Carolina Experiment Station are 
for both the rotation and continu- 
ous-culture plots (/). 

Since lime is applied to the west 
ends of the Wooster rotation plots, 
the plots selected for comparable 
yields in these liming tests are the 
same as those heretofore chosen 
(see Table 29), the average yields 
for each crop being determined for 
its liming period, on both the limed 
and unlimed plots. In case of the 
South Carolina cotton experiments, 
those plots were selected which re- 
ceive the same fertilizer treatments 
under both limed and unlimed 
conditions, as shown in Table 46. 


WW 


WO IC “¢' 7° 
%, SSSI IS 3 e cS “ x 
SOK? °, c) ? Xs x 
e 0r0% x5 o*0%% ¢ O Ox Se% 
08000809. 020%. Ocoee O Os } OO SOG 


o 
Cx) on q 
KSC v 


ees YIELD WITHOUT ROTATION 
AWNO FERTILIGERS 
AY 


CAN CRELITED TO 
SQN CREDITED 
7O FERTILIZERS 


Fic. 6.—A graphic summary of the comparable 


yields of cotton obtained at Florence, S. C., 
showing the average yield obtained from cul- 
tivation alone, the gain resulting when to cul- 
tivation is added crop rotation or the use of 
chemical fertilizer, and the total increase ef- 
fected when to cultivation are added both 
rotation and the use of fertilizer. The num- 
bers at the bottom of the bars are the plot 
numbers 


TABLE 46.—Limed and fertilized plots at Florence, S. Co 


Lime treatment (per acre) 


Plot 


Fertilizer treatment 


NGO MErE tree WRLC Tee IRE 


1,000 pounds’ burnt limes» _ 222 _ yee. 
2,000 pounds ground limestone______________ 
1,000' pounds-burnt Time... --_ 2 eo 


{ 211, 21, 31 
2 


4 


| No fertilizer. 

| 250 pounds dried blood, 500 pounds acid 

| phosphate, 83.3 pounds muriate of potash. 
No fertilizer. Results averaged. 


aera fertilizer treatment as on plot 24. 
sults averaged. 


Re- 


eae a ii EE Ra Ae Nt? ek ee re ct 
1 Plots are numbered the same in the continuous-culture series for cotton as in the rotation series. 


2 Average. 
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In Table 47 is given a summary of the average yields of wheat, corn, - 
and oats grown in rotation on limed and unlimed soil at Wooster, 
Ohio, and of cotton at Florence, S. C., for the periods indicated. For 
comparison, the yields of other crops, not included in the study of 
rotation values, are added; namely, those of clover and timothy on 
the same Wooster plots, of oats, corn, and peavine hay (cowpeas) on 
the plots at Florence, and also the yields of corn, oats, wheat, and hay 
on the long-continued Pennsylvania plots (Hagerstown silt loam). 
In the last right-hand column are given the absolute measures, in 
bushels or pounds, of the increase in fertilizer efficiency due to the 
alteration of the soil reaction as effected: by liming. | 


TaBLE 47.—Effect of liming on the efficiency of fertilizers 


pee 
Average | pn ter ) 
a | Period ot | Fertilizer treatment | ppits of vicld nee Yield per Increase hee 
P test (crops grown in’ measure | acre on |,9¢Te 00| dus to | ‘Gus to 
| rotation) lacid soil 2 Same soil liming alteration 
Bere of soil . 
reaction‘ 
Wheat (Wooster)_| 1906-1918(13 | Complete chemical Bushels-__- 31.7 | 32. 2 0.5 | 0.0 
years). fertilizer.! 
Whanire SF ree ete” 0, SEs 25. I | 26.8 1 Py .0 
Corn (Wooster)___| 1900-1918 (19 | Complete chemical -__.do....--- 48.9 | 54.5 5.6 1.4 
years). fertilizer. 
Meoure..) 2-5-2 fk. do.___.-- | 44.2 48.9 4,7 | .5 
Oats (Wooster).__| 1901 and} Complete chemical --.-do-__._-_-! 52.8 53. 2 0,4. .0 
| 1905-1918 fertilizer. 
(15 years).| Manure.-.......----:/_-- dgjwJ.L4 41.9 | 44.0 2.1 .0 
Cotton (South | 1914-1919 (6 | Complete chemical Pounds... -| 1, 925 1, 929 4.0 68 
Carolina). years) . fertilizer. 
Clover (Wooster) _| 1903-1918 (16 |-_---_- Sr”. Cen) AE do......-| 2,496 | 3,320 824 191 
, | years). Marmite 2205 oy Be 1 ee Mite eo hes 765 | 115 
Timothy (Woos- | 1906-1918(13 | Complete chemical |.-.do_...---| 3,117 4, 095 978 109 
ter). | years). fertilizer. | 
Manires =. oses2545 {---0.....21} - 8,205 | 4, 483 1, 228 256 
Oats (South Caro- 1914-1919.... Complete chemical | Bushels..-| 60.4 60. 0 —0, 4 |! -6 
lina). | fertilizer. ‘ 
ees ae Car- |_---. GO... ty | ceed 4---<---5---5) 2 OGis <i") [54:8 56.8 2.0 -7 
olina). 
Peavine hay |----- do.......| Complete chemical | Pounds.-.-| 2,473 2,434 | —39.0 .0 
(South Carolina) | fertilizer. 
Corn (Pennsyl- | 1882-1921_--_| Manure (6 tons per | Bushels---_. 56.3 | 62.5 6.2 5.2 
vania). | acre) . : 
Oats (Pennsyl- |----- do....-._-| Manure (residual |--.do_.__-_- 42.1 | 43.7 1.6 2.2 
Vania). | | effects. ‘ 
Wheat (Pennsyl- |_.--- do......-, Manure (6 tons per |---do.....-- 23.8 | 23.8 .0 .0 
vania). | acre ; 
Hay  (Pennsyl- |----- “tt Pitti so | Manure (residual | Pounds_-.| 3,804 | 4,223 419 275 
vania). | | effects). | 
1 See Tables 29 and 46 for plots and fertilizer treatments at Wooster and Florence. 


2 2 Yields for liming period at Wooster calculated from Tables 31 and 33; for cotton, Bull. 209, 5. C. Exper, 
ta., p. 4. 
§ For Ohio yields, Bull. 336 Ohio Exper. Sta., pp. 599-601. 

4 Calculated from results published in bulletins to which reference has been made. 

5 Bull. 175, Pa. Exper. Sta., p.9. Plotsincluded are: Average 1, 8, 14, 24, and 36, check plots; 16, manure 
but no lime; 23, burnt lime but no manure; 22, manure and burnt lime. 


Two important facts are brought out in the results given in Table 
47: (1) Though the yield of a nonleguminous crop fertilized and 
grown in rotation may average larger on an acid soil whose reaction 
has been altered by liming than on the same soil unlimed, the greater 
yield may not at all be due to any increase in the efficiency of the 
fertilizer as may have been effected by the alteration or change of 
the soil reaction; (2) under similar conditions, as described under (1), 
only a portion of the increase in yield may be due to increased effi- 
ciency of the fertilizer used. 
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These differences in the relation of crop yields to fertilizer results 
are determined by the interaction of three factors: Fertilizer, crop, 
and crop rotation. 

Whether or not a fertilizer will produce higher results on an acid 
soil when its reaction has been altered by liming depends in a large 
measure on the chemical character of the fertilizer. Experimental 
data show that (1) for most farm crops, the highest efficiency of an 
acidic fertilizer is effected on a nonacid soil or on an acid soil that has 
been limed; (2) under the same soil conditions, a basic fertilizer 
usually gives the best, or at least as good results without liming. 
These two points are strikingly illustrated by the results obtained on 
rotation plots 24 and 29 in the long-time liming tests conducted at 
Wooster, Ohio, as shown in Table 48. } 


‘TABLE 48.—Relation of fertilizer efficiency to change in soil reaction as affected by 
liming, Wooster, Ohio 


Increase 


{ 
| 
| Average Average or 
Unit of | yield yield decrease 
Plot} Crop | Fertilizer composition beens | oeameaet los, ae ; in 

| : : ertilizer 
| soil, soil, effi- 
unlimed limed ciency 1 
| 
| Acidic compound 

Ae Gorey 822 Ammonium sulphate, acid phos- Bushels_-_-__ | 45. 79 | Borde +38. 52 
phate, and muriate of potash. | 
Sip ro pis 3 ih St Ee BER ak ee a ee ON d6. 2252. | 51. 46 54. 64 —2, 98 
Wheat: 23 -_- je 6 RE heageerraeenia paey Seneca EY et does 24. 41 30. 63 +1. 33 
23.757 ee ae ee 4 CONP ed SD oi sindenginse antes DARIO _ Pounds----.| 1, 986 3,374 | +801.00 
| Timothy--_-_- ae kOe a gy Ae eS gdos2es 2, 740 4, 365 +712. 00 
| 
Basic compound 

29 Corns >t Nitrate of soda, basic slag, and  Bushels___-_- 45. 58 51. 16 —(. 13 
| _ muriate of potash. 
apse = oa 8) ooo  s Co (SRS bre a poet dlp me repmenigy Sabot G02 .=. 25 50. 67 50. 89 —4, 66 
1 Wiheates:: eae Giguere 2 eh a he 2 ek IER Ao ess: 29. 35 28. 76 —4.00 
| Clover #2. - eae LO nee JES as ERY beth alae Pounds_.... 2, 823 3, 221 — 136. 00 
‘ETMOtny.2=- = [--253 G(T Rs SE ri iS AAS nt od males TP mate coe 3 a eae | 3, 384 _ 4, 107 —90. 00 


1 Calculated from data given in the bulletins to which reference has been made. 


Attention is called to the behavior of the oat crop, which, under 
the conditions of the Wooster experiments, seems to favor acid condi- 
tions, and thus has not been benefited by liming. Furthermore, the 
oat plant commonly shows a preference for ammonium salts, prob- 
ably because of its ability to utilize nitrogen in ammonia form. 
Corn also exhibits the same assimilation ability (7, p. 179). 

When, in a long-continued cropping system, an alteration or change 
of the soil reaction by liming does not effect a greater fertilizer effi- 
ciency, even though the yield of a crop is larger because of the lim- 
ing, particularly when the crop shows but little or no response to a 
direct application of lime, it becomes plainly evident that crop rota- 
tion is the factor which assumes the greatest prominence in the 
maintenance of soil productivity under liming conditions. It is pos- 
sible to evaluate crop rotation under these conditions only when ex- 
perimental data present comparable yields both in rotation and in 
continuous culture. The only experimental data so far published 
that are in harmony with these conditions are those on the first 
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four crops mentioned in Table 47, which are described in the fore- 
going paragraphs. 

In Table 49 are given the analyses of the average yields of these 
four crops for the periods indicated in Table 47, when rotation and 
the use of fertilizers are practiced independently of each other. 


TABLE 49.—The comparative effects of crop rotation and of the use of fertilizers on 
the yields of crops on limed and unlimed soils 


[Rotation and the use of fertilizers practiced separately] 


Relative 

value of 

Increase | rotation, 

Average | overcheck} as com- 


Crop Cultural conditions yield per plot in pared with 
acre continuous | fertilizers, 
culture in effect- 
ing larger 
yields 
| = = a —— 
Wheat (Wooster) | Limed: ! | Bushels Bushels Per cent 
Rotation without use of chemical fertilizer__ UIC PCE ae SR (ER A ay 8 
Rotation without use of manure-_.._________- NC fe Ss eS P SE ey 
Unlimed: 
Rotation without use of chemical fertilizer__ 14.1 6.9 51. 9 
Use of chemical fertilizer without rotation__- 20. 5 13.3 [6.222 ee 
No rotation and no fertilizer_.............-_- ey eee eS 
Rotation without the use of manure_-.____-_-_- 14, 2 6.3 57.3 
Use of manure without rotation ___.____..__- 18.9 8) Seen 
| No rotation and no manure---__----_------- Ve) ae eee oe ee eI 
Corn (Wooster)... Limed: 
Rotation without use of chemical fertilizer_- Oli dels 6 52. Sodio eee 
Rotation without use of manure.-___________- SAR So Se es ae 
Unlimed: 
Rotation without use of chemical fertilizer__ 26.9 13.4 65. 0 
Use of chemical fertilizer without manure_ -_- 34.1 20: Ook FF ee 
No rotation and no fertilizer___.____________- COU Br lise occa ce eee ee 
Rotation without use of manure____________- 27.0 17.6 94. 6 
Use of manure without rotation ._._._......- 28. 0 18. 6. |. b ose 
No rotation and no manure---_..____..___--- Oi 4220 3 2 eee 
Oats (Wooster)-...! Limed: 
Rotation without use of chemical fertilizer_- Sood |e sous Ce eee 
Rotation without use of manure__-_________- “1c bal OE Sean | Poa DEN GC 
| Unlimed: 
Rotation without use of chemical fertilizer. - 32'3 13.6 70. 8 
Use of chemical fertilizer without rotation__- 37.9 10; 2) Bao ee 
| No rotation and no fertilizer_...._______+___- LO Fay sa 5 ots = Tens EE OS ee 
Rotation without use of manure____________- 32.9 13.6 149. 5 
Use of manure without rotation __..__..__-_- 28. 4 0,1, || ce eee 
No rotation and no manure__-_________-_---_- 1 AS iy" al Pape di SE LAE RD Vacate 9 
Cotton (South | Limed: Pounds Pounds 
Carolina.) Rotation without use of chemical fertilizer__ 1, 584 369 bt. 2 
Use of chemical fertilizer without rotation ___- 1, 860 O45 {2222 es 
No rotation and no fertilizer__...__.________- 16215). (bce os cee dale ae 
Unlimed: 
RObation..9 55 5071 5 Bh SRR Peeea rs Cees. ets has 1, 648 359 61.1 
Use of chemical fertilizer without rotation___ 1, 877 585; |_. ete 
No rotation and no fertilizer__...____-_-.--_- go) ee Te 


1 No lime is applied to the plots in continuous culture at Wooster. 


The data in Table 50 show that the yields of wheat, corn, and oats 
are higher on the limed than on the unlimed soils. Cotton has not 
responded to liming. Altering the soil reaction has caused a decline 
in the relative value of rotation in the case of cotton. The absence 
of liming tests in continuous culture makes it impossible to deter- 
mine the relative values of rotation in case of wheat, corn, and oats, 
under conditions when rotation and the use of fertilizers are prac- 
ticed apart from each other. 

In Table 50 are summarized the data on the yields when rotation 
and the use of fertilizers are conjoined. 
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Tasie 50.—Comparison of relative values of rotation (R) and of the additive effects 
of conjoining rotation and the use of fertilizers on limed and unlimed soils 


{Wooster, Ohio, and Florence, S. C.] 


Crop 


Wheat (Wooster)| L 


imed: 


Cultural conditions 


| 
| 


Rotation and use of chemical] 
fertilizer. 

Rotation without chemical 
fertilizer. 

Use of chemical fertilizer 
without rotation. 

Rotation and use of manure__| 

Rotation without manure_-_| 

Use of manure without rota- | 
tion. 


Unlimed: 


% 


Corn (Wooster)..| Limed: 


Unlimed: 


Rotation and use ofchemical | 
fertilizer. 

Rotation without chemical 
fertilizer. 

Use of chemical fertilizer 
without rotation. 

Rotation and use of manure_ 

Rotation without manure__-_ 

Use of manure without rota- 
tion. 


Rotation and use of chemical 
fertilizer. 

Rotation without chemical 
fertilizer. 

Use of chemical fertilizer | 
without rotation. 

Rotation and use of manure_- 

Rotation without manure__-__ 

Use of manure without rota- 
tion. 


Rotation and use of chemical 
fertilizer. 

Rotation without chemical 
fertilizer. 

Use of chemical fertilizer 
without rotation. 

Rotation and use of manure__ 

Rotation without manure__.- 

Pes of manure without rota- 

ion. 


Oats (Wooster)..| Limed: 


Rotation and use of chemical 
fertilizer. 

Rotation without chemical 
fertilizer. 

Use of chemical fertilizer 
without rotation. 

Rotation and use of manure- 

Rotation without manure__- 

Use of manure without rota- 
tion. 


Unlimed: 


Rotation and use‘of chemical 
fertilizer. 


Average 
yield 


Bushels 
32.2 


16.0 
120. 5 
26. 8 


16. 2 
118.9 


31.7 


! Yields are for unlimed plots in continuous culture. 


per acre | 


Values for 
Rand F 


11.7] 16.2 | 
| 
7.9| 10.6 | 
Hae ees p Jaeee te | 
11.2] 17.6 | 
ee ers 
6.2] 10.9 | 
Bee Nail egies EM | 
20.4] 23.4 | 
ee eee” 
ibiiean os won 
| 20. 9 ny bat 
Lp endlacr Fer 
| 
14.8} 22.0 
put 2S Bn I 
6.2) i7-2 
15.3] 18.1 
ee et a | 
15.6 | 84 
14.9] 20.5 


Additive effects 
of rotation and 
use of fertilizers 


Sum of 
increase 
Rela- | effected | Actual 
tive | by rota-| increase 
value | tion and effected 
of R use of | by con- 
fertilizer| joining 
when rotation 
prac- | and use 
ticed | of ferti- 
sepa- lizers 
rately 
(r+) 

Bushels | Bushels Per cent} Bushels | Bushels 
(P40 270 25. 0 
74.5 19.3 18.9 
63. 6 20. 2 24. 5 
56. 9 17.3 iy ho. 
87. 2 | 38. 2 41.0 

118, 1 40.4 39.5 
67.3 34.0 35.4 
94.2 36. 2 34.8 
84.5 35. 6 34.5 

185. 7 25. 4 24. 7 

ewewenwnwe aay aires wceeee ee 
72, 7 32.8 34. 1 
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TaBLE 50.—Comparison of relative values of rotation (R) and of the additive effects 
of conjoining rotation and the use of fertilizers on limed and unlimed soils—Con. 


Additive effects 


oe my of rotation and 
use of fertilizers 
| — ; = 
Sum of | 
| Increase 
Average | Rela- | effected | Actual 
Crop Cultural conditions yield | tive | by rota- | increase 
per acre | value | tion and) effected 
| of R  useof | by con- 
ree ae ' fertilizer! joining 
' when | rotation 
prac- | and use 
ticed | of ferti- 
| sepa- | lizers 
| rately | 
| (r-+f) 
Oats (Wooster) --; Unlimed—Continued. Bushels | Bushels| Bushels Per cent} Bushels | Bushels 
Rotation without chemical G2 |Pnc2 Sas seer tscectee a 
fertilizer. 
Use of chemical fertilizer SG AS hace! Te Piette eee) BS Ser? gus tethe ES beh ode) 
without rotation. 
Rotation and use of manure-} 41.9 13. 5 | 9.0} 150.0 yo a 22. 6- 
Rotation without manure. -- dy ea ye E | aeRO | AERP ES ede. 
Use of manure without rota- yD Pa eine <: - Se |--2----2-)-2----22= 
tion. 
Cotton (South | Limed: _ _| Pounds | Pounds Pounds | Pounds | Pounds 
Carolina). Rotation and use of chemical 1, 929 69 | 345 | 20 1,014 714 
fertilizer. 
Rotation without chemical | 1, 584 |_______- jae eee ck: 
fertilizer. bgt 
Use. of chemicel fertilizer |. 1.800. ics. cal-qnnaeetlangaceunlde n= cna acl none 
without rotation. 
Unlimed: 
Rotation and use ofchemical | 1, 925 48| 277 | 17.3 947 636 
fertilizer. 
Rotation without chemical 1, 648 |________ whee. ® 4 5 PR A enge: Bal  F y 
fertilizer. | 
Use of chemical fertilizer | 1,877 |.--._.--|-------- eset ened eae 
without rotation. 
} 


| 


For the want of liming tests in the continuous-culture series at 
Wooster, the yields on the unlimed plots of the same series are used 
in evaluating rotation and the use of fertilizers on the limed plots’in 
rotation. In doing so it is assumed that direct applications of lime: 
on wheat, corn, and oats when grown in continuous culture produce- 
no positive results. In as much as these three crops are tolerant of 
soil acidity, and for this reason show but little or no response to lim- 
ing, the yields obtained on the unlimed plots in continuous culture. 
can not deviate very much from the results if said plots were limed (4). 

Because the comparable average yields are for different periods, the 
relative values for crop rotation in the Wooster experiments as given 
in Table 50 are higher than the corresponding values given in Table 35. 

In comparing the results obtained under Tigiad and unlimed condi- 
tions, as summarized in Table 50, it is to be noted that when the soil 
reaction is altered or changed by liming both the average absolute 
and relative values for rotation (R) have been increased—the average 
increase in the relative value, including all crops and fertilizers, being 
23.0 per cent. These increases in the effectiveness of rotation due to 
liming are also reflected in the conjoint effects of rotation and the 
use of fertilizers, as indicated by the comparative values given in the 
last two subcolumns of the table. | 


CROP ROTATION IN RELATION TO SOIL PRODUCTIVITY 51 


The results of the long-continued liming tests herein recorded are 
few in number and hence inadequate in forming the basis of a general 
statement or principle; yet from a study of the data as summarized 
in Tables 47, 49, and especially 50, it would seem that, under the con- 
ditions of these experiments, the liming problem, with respect to 
productivity maintenance, is primarily a clover-rotation problem, and 
that the increases in the yields of such crops as wheat, corn, and oats 
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F1G. 7.—Chart visualizing the effects of soil reaction on the effectiveness of rotation and the use 
of fertilizer, as indicated by the yields of wheat at Wooster, Ohio. The plot numbers are given 
below each bar. L indicates the plots receiving lime. The horizontal-vertical crosshatching 
in each of the last two bars in the chemical-fertilizer series indicates (a2) how much greater the 
actual increase effected by conjoining rotation and the use of fertilizer is than the sum of their 
separate increases, and (b) the unallocated increase effected by the interaction of rotation and 
the use of fertilizer 


which may result when soil acidity is reduced or neutralized are due 
to indirect effects of liming. 

_ In Figures 7, 8, 9, and 10 are visualized the results of the long-time 
liming tests herein described. In each case it is shown what propor- 
tion of the yield is credited to cultivation alone, the increase in yield 
effected by combining rotation or the use of fertilizers with cultiva- 
tion, and the increase effected over cultivation by conjoining rotation 
and the use of fertilizers. 
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Fic. 8.—Chart showing the effects of soil reaction on the efficiency of rotation and the use of fer- 


tilizers, as indicated by the yields of corn at Wooster, Ohio. The plot humbers are given below 
the bars. L indicates the plots receiving lime. The unhachured space in each of the last two 
bars of the chemical-fertilizer series indicates how much greater the additive effects of conjoining 
rotation and the use of fertilizer are than the sum of the effects resulting when the two practices 
are acting independently of each other; or it may indicate to what extent the values of R and F 
overlap. The unhachured space in each of the last two bars in the manure series indicates to 
what extent the conjoint effects of rotation and the use of manure fall short of being fully additive. 
(Compare with Tables 49 and 50.) 
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Fic. 9.—Chart showing the effects of soil reaction on the efficiency of rotation and the use of fertilizers, 
as indicated by the yields of oats at Wooster, Ohio. The plot numbers are indicated under the 
bars. L indicates the plots receiving lime. This shows what portion of each yield is credited to 
cultivation alone, the increase effected when to cultivation is added rotation or the use of fertilizers, 
and the total increase resulting when to cultivation are added the conjoint effects of rotation and 
the use of fertilizers. (Compare with data in Tables 49 and 50.) 
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SUMMARY OF RELATIVE VALUES OF CROP ROTATION AND OF CON- 
JOINT EFFECTS OF ROTATION AND THE USE OF FERTILIZERS 
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A summary of the results thus far considered is given in Table 51. 
In studying the content of this table the following points are to be 
kept in mind: (1) All evaluations for rotation and the use of fertilizers 
are based on the increases in yields over cultivation alone or check 
plot in continuous culture; (2) relative values for rotation are based 


YIELOS PER ACE /N POUNDS OF SELEO COTTON 
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Fic. 10.—Chart showing the effects of soil re- 
action on the efficiency of crop rotation and 
the use of chemical fertilizer, as indicated by 
the yields of cotton at Florence, S.C. The 
plot numbers are indicated beneath the bars. 
L indicates the plots receiving lime. The 
unhachured space in each of the last two bars 
indicates the interactive effects of rotation 
and the use of fertilizer when one practice is 
conjoined with the other; and it shows also 
how much less the increase effected by the 
combined effects of rotation and fertilizers is 
than the sum of the gains resulting when 
rotation and the use of feritlizers are prac- 
ticed independently of each other. (Com- 
pare with data in Tables 49 and 50.) 


on the effectiveness of chemical 
fertilizer or stable manure; (3) the 
relative values for rotation given in 
the upper half of the table are for 
small r—that is, the efficiency of 
rotation as measured in terms of the 
effectiveness of the use of fertilizers 
when practiced independently of 
each other; and (4) the relative val- 
ues for rotation given in the lower 
half of the table are for capital R— 
that is, the effectiveness of rotation 
when conjoined with the use of fer- 
tilizer as measured in terms of the 
effectiveness of the use of fertilizer 
when conjoined with rotation. 

The relative values for rotation 
are arranged in two subcolumns. 
In one are given the values ob- 
tained under acid-soil conditions, 
and in the other the results ob- 
tained under nonacid-soil condi- 
tions or where the soil reaction has 
been altered or changed by liming. 
In the last two subcolumns are 
given the figures showing the addi- 
tive effects of rotation and the use 
of fertilizers when conjoined. 

On the basis of the average results 
of these experiments, the following 
summarizing statements may be 
made: 

(1) Including all crops and all soils 
indicated, crop rotation without the 
use of fertilizers is 77.7 per cent as 
efficient as the use of fertilizers with- 
out rotation in effecting increases in 
crop yields over cultivation alone. 

(2) Crop rotation, when added 
to cultivation and the use of ferti- 


lizers, is about 73 per cent as efficient as the use of fertilizers when 
added to cultivation and rotation, in effecting increases in crop yields. 

(3) In general, crop rotation is practically 75 per cent as efficient 
as the use of fertilizer in effecting increases in crop yields as measured 
from the check-plot yields in continuous culture. 
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(4) In general, crop rotation is nearly 90 per cent as efficient as 
the use of fertilizer in effecting increases in the yields of wheat, corn, 
and oats, above check-plot yields in continuous culture. 

(5) Considering values based on comparable results, the average 
relative value of crop rotation is higher when it is based on the effec- 
tiveness of stable manure than when based on the use of chemical 
fertilizers—being 67 per cent greater under conditions when rotation 
and the use of fertilizer are practiced apart from each other and nearly 
58 per cent greater under conditions when one practice is conjoined 
ah the other. This indicates that larger increases in crop yields 
have been effected by the applications of chemical fertilizer made on 
the experimental plots than by the applications of manure. 

(6) Excluding clover, timothy, and cowpeas, the average relative 
value of rotation is practically 20 per cent higher on soils whose 
reactions have been altered or changed by liming, than on acid soils. 

(7) Except in case of barley at Rothamsted, the conjoint effects 
of rotation and the use of fertilizers are additive—being often more 
than fully additive. 


VALUE OF CROP ROTATION AND OF THE USE OF FERTILIZERS IN 
MAINTAINING AND INCREASING SOIL PRODUCTIVITY 


Thus far in this study, crop-rotation values have been calculated 
from the differences in yields obtained on fertilized and unfertilized 
plots in continuous culture and in rotation—in each case the increases 
over the yields in continuous culture being the basis for calculation. 
The discussion which follows is of rotation and fertilizer values con- 

sidered from the points of view of maintaining and increasing soil 
productivity under the conditions of the same experiments described 
in foregoing paragraphs. 

This second method, as stated before, necessitates the determining 
of the natural producing power of the soil at the beginning of each 
ereere ane, which is termed the maintenance yield. This yield is 
taken as the basis from which are calculated the values for crop rota- 
tion and the use of fertilizers in maintaining and increasing soil 
productivity. 

It was thought best to determine the maintenance yield in each case 
by taking the 5-year average at the beginning of the test or before 
the experiment was begun. 


MAINTAINING SOIL PRODUCTIVITY 


In Table 52 are summarized the data concerning the relative value 
of crop rotation in maintaining soil productivity, as based on the data 
given in the foregoing tables. In the fifth column are given, in each 
case, the years selected for the 5-year average—these being considered 
the best that can be obtained from the data given in the publications 
py referred to. The South Carolina experiments are omitted 

rom the table, because they cover only a short period; and the experi- 
ments on tobacco at Germantown, Ohio, are omitted because the 
annual yields at the beginning of the experiment do not appear to 
have been published. 
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TABLE 52.—Relative value of crop rotation in maintaining soil productivity 


| 


Crop ° Station 


| 
| 


| 
} 


| 
| 
| 
| 


Wheat...| Rothamsted_- 


Columbia, Mo- { 


Wooster, Ohio { 


Corn..... | Columbia, Mo. 
| Wooster, Ohio 
Urbana, Il._-- 

Oats. =: .. | Columbia, Mo. 


Wooster, Ohio { 


Barley_.-..| Rothamsted_-_ 


Average yield at 
beginning of test— tive 
maintenance yield | value 
| for crop» 
| Period of A tic vg 
| Period o J ver- | tion, as 
experi- dee age, com, 
: is men es | yie pare 
Kind ede ao or covered Five- | pad for use| with 
by study Years year 5| tation of fer- | ferti- 
(years Selected | average - tilizer | lizers, 
inclusive) | for 5-year |mainte- alone in 
average | nance main- 
| yield | taining 
| | soil 
{ produc-- 
| tivity 
| Pad aed li 
Bushels | Bushels Bushels | Per cent 
Chemical fertilizer_._| 1851-1921 | 1846-1850 aY-or| 2400 23. 6 102. 2 
2 do___.....-._-_} 1895-1918 /11889-1894 14.2 22.8 27.6 82.6 
Manure: = <2. | 1895-1918 | 1889-1894 14. 2 20. 1 20.1 | ‘ 100.0 
Chemical fertilizer... 1899-1918 | 1894-1898 10. 5 12.0 19.7 60. 9 
Miamire:: 225 = a2 1899-1918 | 1894-1898 101), 121 17.1 70. 8- 
es do......---...-.| 1894-1918 | 1889-1893 33. 5 39. 3 33.8 116. 2 
Chemical fertilizer_..| 1899-1918 | 1894-1898 29.0; 26.4 34. 4 276.7 
Manurecs.-ceosatee << 1899-1918 | 1894-1898 27.2} 26.6 28. 2 94,3 
Phosphates and ma- | 1904-1916 | 1899-1903 41.6) 51.2 32,6 |~* 157.1 
nure 
Manute.- i504 6. | 1895-1918 11889-1894 | 23.6) 2.9/ 34.2 84.6 
Chemical fertilizer___; 1899-1918 | 1894-1898 27.8} 322 38. 8 83. 0 
Manure. esc tt) 1899-1918 | 1894-1898 28. 4 32.3 29. 6 109. 1 
Cherhical fertilizer...} 1857-1921 | 1852-1856 27.4 . 21.0 42.0 4 50,0 


1 Yield for 1 year is omitted, and 1 year the crop failed. 
4 Average yield on check plot in continuous culture is 13.3 bushels. 
3 Average yield on check plot in continuous culture is 23.4 bushels. 
‘Average yield on check plot in continuous culture is 14.1 bushels. 


| 
| Rela- 


In the table it is to be noted that, under the conditions of the 
experiments considered, crop rotation without the use of fertilizer 
maintained the producing power of the soil, except in the case of corn. 
at Wooster and of barley at Rothamsted, and the use of fertilizer 
without rotation maintained the producing power of the soil, except. 
in the case of corn at Urbana. 
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INCREASING SOIL PRODUCTIVITY 


In Table 53 is given a summary of data calculated from previous 
tables, showing the relative value for crop rotation (r) and the 
conjoint effects of rotation and the use of fertilizers in increasing 
soil productivity. 


TABLE 53.—Relative value of rotation (r) and the conjoint effects of rotation and the 
use of fertilizers in increasing soil productivity 


| { | j 
, Increase! in | | Additive effects 


| | productivity | of rotation and 
| (over mainte- | | | use of fertilizers 
nance yield) | 
| | effected by— | Rela- i 
| tive Sum of | 
| value rer increase) 4 otyal 
for rota-| _<* of pro- |= 
es yield, “;_ increase 
tion (r) ductiv-| - 
lascom-| 10% | ity ef- | 20 Pro 
Main- | l‘paread | 40D | tecteg |ductiv- 
Crop Station | Kind of fertilizer | tenance) pear | COn- | by ro- | HY. ef- 
yield | ferti- | Joined ; fected 


i 

| 

tation 

i : | with | by con- 
Rota- | Use of | lizersin and use “¥5j 

| 


| 
i | ! i } 


i ; ferti- jincreas-, 2S¢ Of | of fer- | Joint 
i tion | }:; |. = | ferti- “ye action 
| lizer | ing soil; jizor | tilizer | ofrota- 
| produc- when | “tion 
| | tivity | prac- Ss aa 
: | ticed [of fer- 
| | | | Sepa | tilizer 
| | | | | tately 
| | | Oth 
| oe pe hf 
} | 
| 
i Bush- | | Per 
Bushels| els | Bushels| cent Bushels|Bushels| Bushels 
Wheat... Rothamsted--| Chemical fertilizer. 17.5/ 66) 6.1) 1082, 325) 127 15.0 
Baan Ars AL. eee | 42] 86] 134) 642) 325] 22.0 | 18.3 
Mo. : 
— (| | Biabis Benue c+ i | | 5.9 5.9 | 1-8 a6 a | 64 
| . emi ertilizer-| 10.5/ 1.5 : 16.3 | .0 | 3 he 
ete Oblo. (Manure renee | 301) 20! 70| 286) 217 | 90] 116 
Corn.---| Colambin, | BAS 1 ee SEMEL E hd 33.5) 5.5) 0.3 | aheeb aioe | 489] 58 15.4 
| -vlO. | 
-_ \fChemical fertilizer. 29.0| —26| 5.4 |......_- 47.9| 28 18.9 
dees pga tee Rien ts esth Beanies. one se S| 438] 04| 166 
| Ilinois_-_.....- Phosphate and ia See t 7 Pes eee 67.6| 0.6] 26.0 
| manure. | 
Oats_...- Gea las | Manure.--.-...---- 23.6. 53) 106 | 50. 0 | 37.5 15.9 13.9 
| 0. i i 
- \{Chemical fertilizer. 27.8 44; 11.0 | 40.0| 53.2) 15.4 25.4 
_ Wooster, Ohio-) Nranure..._____.. ee e-eg1 |e b-see omer Ral ee 
Barley._.| Rothamsted_..| Chemical fertilizer.| 27.4! —6.4 14.6 |.______- |-~ 35.0 8. 2 | 7.6 
j 


1 Increases above maintenance yield effected by rotation and the use of fertilizer when practiced inde- 
pendently of each other. 


It is to be observed that, in 8 of the 13 experiments listed, the 
use of chemical fertilizer or manure, when practiced in the absence of 
rotation, is more effective in increasing productivity than rotation 
alone; and in 5 cases the effectiveness of rotation is equal to or greater 
than that of the use of fertilizer. And further, in all cases, except 
the barley test, the conjoint effects of rotation and the use of fertilizer 
are additive in increasing soil fertility—in 10 of the experiments the 
effects being more than fully additive. 
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EFFECT OF SOIL REACTION ON ROTATION AND USE OF FERTILIZERS 


It may be of interest to summarize the effects of soil reaction on 
the conjoint action of rotation and the use of fertilizer in increasing 
fertility. In such a study only the results obtained on wheat, corn, 
and oats at Wooster are available. This summary is given in Table 
54. 


TasLe 54.—Effect of soil reaction on the conjoint effect of rotation and of the use of 
fertilizers in increasing soil productivity, Wooster, Ohio 


LIMED SOIL 


' Additive effects of 


| Maintenance yield | rotation and use 
| of fertilizers 
| Average Sum ofin- 
Period of | : yield, | creases in ae a 
experi- rotation produc: | jy odue- 
Crop Kind of fertilizer used ment Yours conjoined) tivity ef- ivity of- 
covered by antaktad with use | fected by fected 
study | ete 5-year | of ferti- | rotation conta. 
5 average lizer (and use of i 
bp Soe fertilizer | 2¢tlon of 
| | average ! when rotation 
| practiced ond Dee 
eae ey fertilizer 
| 
Bushels | Bushels | Bushels | Bushels 
Wheat Chemical fertilizer_..........| 1906-1918 -1901-1905 8.5 32. 2 | 19.5 23. 7 
==—\Ovlanure:s. 2-0 sor. PR. 1906-1918 | 1901-1905 9.1 26. 8 16.7 16.7 
Gorn {Chemical fertilizer. .........| 1900-1918 | 1895-1899 29. 6 | 54.5 | 6.0 24.6 
ee \Manure__..........._..-_---| 1900-1918 | 1895-1899 Zigns| 48.9 | 4.8 BY 
Oats....-- Chemical fertilizer_.-..__--- {sos tog |f1900-1904 | 19.5} 53.2) 34.0 33.7 
1901 
Manure!=-) 0 19% _ { \1900-1904 21.6 44.0; 20.8 22, 4 
1905-1918 | 
UNLIMED SOIL 
ae : new 9x : -— deviacls. Daley! poe roe mn 
Wheat ieee fertilizer... 52222 1906-1918 , 1901-1905 8.5 31.7 17.6 | y+ By! 
are EVO TION IO. 2 eee eo ee | 1906-1918 | 1901-1905 9.1 25. 1 14.9 | 16.0 
Gam Chemical fertilizer. -..._-.-- | 1900-1918 | 1895-1899 29.6 48. 9 14) 19.3 
Ho a Nani tet ees ee ee a | 1895-1899 27.2 44. 2 | 0.6, 17.0 
‘ as ‘f 1901 
Oats-2. = - Chemical fertilizer......_... 1900-1904 | 19.5 §2.8 | 31. 2 | 33. 3 
Manure lee isa 21.6 41.9 | 18.1 20. 3 
ee Re (1905-1918 | : ive Nail g 


1 5-year average based on yields given in Tables 30 and 32. 


Here it is to be observed that only in the case of corn does lime 
effect an increase exceeding 3 bushels per acre from the conjoint 
action of rotation and the use of fertilizer. However, it may be 
concluded that changing or altering the soil reaction by liming 
tends to increase the conjoint effectiveness of rotation and fertilizers. 


GENERAL DISCUSSION 


Two methods have been employed in evaluating the effectiveness 
of rotation in crop production, and in determining the additive 
effects of rotation and the use of fertilizers when these two farm 
practices are conjoined. Although in one method the evaluations 
are based on the increases over the yields obtained on check plots 
in continuous culture and in rotation, and in the second method, 
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on the increases over the maintenance yield, or the average yield 
obtained at the beginning of the experiments, yet the general results 
as regards the value of rotation in relation to soil productivity all 
point in the same direction. 

The evaluation of crop rotation as calculated from the maintenance 
yield seems to be the more logical and scientific method, especially 
from the point of view of maintaining and increasing the producing 
power of the soil. However, in determining the values for rotation 
and the use of fertilizer when one practice is combined with the 
other, or in determining the relative value of #, the first method 
referred to above has been found to be very useful. 

Taking all the results into consideration, as based on the average 
results of the published data of the long-time fertility experiments 
herein considered, the following important facts as regards the value 
of crop rotation have been brought out: 

(1) Rotation of crops is practically 75 per cent as effective as the 
use of fertilizer in effecting increases in crop yields—being nearly 
90 per cent as effective as the use of fertilizer when the results on 
wheat, corn, and oats, only, are considered. 

(2) As based on the average yields at the beginning of the experi- 
ments involving fully comparable yields, rotation has been shown 
to be 91.5 per cent as effective as the use of fertilizer in maintaining 
the producing power of the soil. 

(3) In increasing soil productivity, the effects of rotation alone 
may equal or exceed the effects of the use of fertilizer without rotation. 

(4) The effects of rotation and the use of fertilizer apparently are 
“not the same, as is shown by the fact that their conjoint effects on 
crop yields are additive—being more than fully additive in most of 
the cases considered. | 

(5) In permanent crop production, high productivity levels are 
possible only when rotation and the use of fertilizer are conjoined. 

It is not the object of this study to emphasize primarily the 
important place that fertilizers assume in permanent soil productivity, 
the value of which is fully recognized; but rather to stress the im- 
portance of crop rotation in relation to profitable crop production 
and to show the necessity of conjoining rotation and the use of ferti- 
lizers in the establishment of permanent agriculture. No attempt 
will be made in this discussion to formulate any rules for the use of 
fertilizers for greater efficiency; but attention is directed (1) to some 
of the conditions under which these experiments are conducted; 
(2) to a reasonable interpretation of the above facts in relation to 
the Nation’s food-production problem; and (3) to a practical appli- 
cation of the principles involved to efficient and profitable soil 
Management. 

In all the fertility tests included in this study the experimental 
plans are rigid or fixed, there being no modification whatever in 
the rotation involved in any particular experiment, and but little 
or no alteration is made in the fertilizers applied. Of course, in the 
long-continued fertility tests, rigidity of plans is generally accepted 
as necessary; but in practical experience the farmer usually adopts 
more or less flexible plans. He may alter or even change the rota- 
tion, if necessary, or he may vary the fertilizer treatment to better 
meet the soil and crop requirements, or he may lime the soil only 
when crop or soil conditions indicate the necessity of liming. A 
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study of the soil-management methods practiced by successful and 
leading farmers, especially in the older farming sections, clearly 
shows that the maintenance of soil productivity is accomplished 
most efficiently, not by rigid or fixed systems of cropping, fertilizing, 
and liming, but by systems that are more or less flexible. In rational 
farming, soil, crop, pa ellos and economic conditions on prob- 
ably the majority of farms compel variations in rotations and in 
the use of soil-improvement materials. In fact, because of these 
conditions, there are only a comparatively few farms, taking the 
country at large, which can be successfully divided into a certain 
number of fields or cropping units to accommodate a single, fixed 
rotation.? This is quite evident, for uniformity of soil as regards 
kind or producing power is rather unusual. A rotation best suited for 
a field of low-producing sand is seldom suited to a field of productive 
silt loam; a hillside field subject to soil erosion calls for a different 
management as regards rotation than a field on a flat area; and so on. 

The primary question that confronts a practical farmer who farms 
more or less with livestock does not concern rotation so much as it 
does the acreage of crops necessary to best meet his feeding require- 
ments. On the other hand, the truck grower,is concerned primarily 
with the question of the crops best suited to meet the market condi- 
tions. In either case the cropping problem resolves itself into two 
Pe (1) The growing of the desired crops in a manner, or in dif- 

erent rotations, best suited to the soil and crop conditions, and, 
(2) the dove-tailing, so to speak, of the different rotations so as to 
enable the farmer to realize annually the required acreage of each 
oe he desires to grow. ; 

n the light of economic and rational fertilizer practice, the appli- 
cations of chemical fertilizers made on the experimental plots are to 
be regarded as heavy or excessive, and the fertilizers in themselves 
“unbalanced.’’ Nevertheless, the applications selected for compa- 
rable yields have given, in the majority of cases, most favorable re- 
sults. Over against the effects of these heavy applications have 
been weighed the effects of fixed rotations, whose effects in any 
particular test can not be regarded as being determined by material 
quantity, as in case of the fertilizers. 

It is not possible to know with any degree of certainty what the 
results would have been if, in some of the experiments, the rotation 
had been altered or changed, or if in all the experiments the applica- 
tions of chemical fertilizer were modified to conform to the modern 
ideas of fertilizer practice, which are generally recognized as being 
the more scientific. That such modifications, or breaks in the rigid- 
ity of the experimental plans, would have resulted in higher average 

ields seems quite certain, for the higher average yields obtained by 
eading farmers carry considerable significance. 

The average yield of wheat on the fertilized plot 2—C, in rotation 
on the Agdell field at Rothamsted, for example, is 32.5 bushels, 
while the average yield for England and Wales is 31.7 bushels (26, 
p. 56). This means that the average yield of wheat on many farms 
in England and Wales must be much higher than that on the Agdell 
field; and the chances are that these high yields are not obtained as 


3 A fixed rotation may be defined as a rotation in which the crops recur at regular intervals and which 
occupies a fixed number of years; for example, a four-year rotation of corn, oats, wheat, and clover. 
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the result of any such rigid rotation and fertilization systems as are 
practiced on the Agdell field. 

This discussion of rotation assumes diversification in cropping. 
Statistics show that cotton, corn, wheat, oats, and hay each occu- 
i more than 30,000,000 acres on American farms. Together these 

ve crops occupy 87.5 per cent of the total crop area of the country 
(17, p. 2). It is out of the question to discuss the value of rotation 
in relation to permanent productivity from the point of view of a 
rotation that is suitable for all sections of the country, because it is 
evident that a 5-year rotation including the five major crops is im- 
possible in a country so large and with such wide differences in 
climatic and agricultural conditions. However, a study of the dis- 
tribution of the important crops grown in the agricultural regions of 
the United States, within the several States, and within smaller 
areas or districts, will show that flexible rotations * are possible in 
most sections or localities or on most farms, the possible exceptions 
being on specialized, 1-crop farms and in certain dry-land farming 
sections where, because of scant rainfall, a change from a 1-crop 
system, as from wheat and fallow, is practically impossible or 
economically hazardous. 

As regards chemical or commercial fertilizers, their use is becoming 
more and more general, this being the natural outcome as virgin, 
arable soils are kept longer and longer under cultivation. ‘The 
richer the soil and the more skillful the farmer in his soil management, 
the longer virgin soils can produce profitable crops without the use 
of fertilizers. History shows, however, that sooner or later exhaustive 
cropping brings the best of virgin soils to a point where the use of 
manure or some other form of fertilizer becomes necessary for the 
realization of profitable yields. 

In the light of this study it may well be assumed that on productive, 
virgin soils a good rotation may for years prove more effective in 
maintaining yields than manure or single, mixed, or even complete 
commercial fertilizers. In time, however, the fertilizers give more 
and more positive results, until they approach the effectiveness of 
rotation, as the experiments on corn at Urbana, IIl., seem to show. 

Cultivation in fertility maintenance, especially as regards the 
preparation of the seed bed, is generally recognized as fundamental, 
regardless of soil, climate, or economic conditions. 

In this brief survey directing attention to the general importance 
of crop rotation, the use of fertilizers, and cultivation, it must be 
recognized that on these three practices, mainly, the maintenance of 
soil productivity generally depends. The relative importance of 
each practice will necessarily vary on the various farms or soils, their 
relative efficiencies being determined by such factors as the quality 
of the soil, the character of the rotation, and the kind and quantity 
of fertilizers used. When conditions are such as to cause cultivation, 
rotation, and the use of fertilizer all to become positively effective, 
the resultant yields may be regarded as consisting of three parts, 
one portion representing the effectiveness of cultivation alone, a 
second portion to be credited to the effects of rotation, and a third 
portion representing the effectiveness of fertilizers. Thus, assuming 

4 A flexible rotation may be defined as a rotation in which different kinds of crops, such as intertilled 


Small-grain, and hay or legume crops, follow in definite order as named, but in which the number of years 
of growing the specific crops is not fixed. 
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a l-crop system of farming, the average crop yields of a farm or 
community or of the whole country can be greatly increased if to 
cultivation is added crop rotation, and can be further increased if to- 
cultivation and rotation, in turn, is added the use of fertilizers. 

If conditions were such as to make possible the application of so- 
simple a productivity program, the food-production problem of the 
Nation would not prove a serious one for many years to come. The 
general conditions as they exist, however, call for a very different — 
interpretation or application of the facts brought forth as a result of 
this study. 

Cultivation is generally practiced. Rotation of some description 
is practiced by most farmers, though the rotation may consist in 
merely a change of crops without any definite system or any degree of 
regularity. Manure, wherever it is produced, is usually disposed of 
for the good of the land; and commercial fertilizers are coming more 
and more into use, either specially in single or incomplete forms to: 
correct certain soil deficiencies or to meet the requirements of special. 
crops, or generally in mixed or complete forms. 

From the point of view of the country at large, any increase in the: 
average crop yields as effected by cultivation is possible only when a. 
general improvement is made in tillage methods or practices. Such 
effects can be realized only to the extent that each individual farmer: 
masters the fundamental principles of tillage and studies his soils, 
crops, and machinery so as to enable him to make the proper appli- 
cation of the tillage principles to the conditions on his farm through 
the means at his command. 

Farm manure and commercial fertilizers seem to be regarded as. 
possessing the greatest possibilities with reference to maintaining 
soil productivity and in effecting increases in crop yields. Judging 
from the experiences of farmers who have used such materials as 
dung, seaweed ashes, wood ashes, street refuse, and certain kinds of 
marl during pre-Roman and Roman times, and from the profound’ 
effects that manufactured or commercial fertilizers have had, since 
1840, on the agriculture of the leading nations of the world, the basis. 
for the recognition of great possibilities in fertilizers is well grounded. 

Generally speaking, over against the great possibilities of the use 
of fertilizers in maintaining and increasing soil productivity are to: 
be placed the possibilities of crop rotation, which have been found to 
exceed very often those of the use of manure or chemical fertilizers. 
Though it is true that most farmers alternate their crops in one 
manner or another, the maximum effects of crop rotation certainly 
are not reflected in the average crop yields of the agricultural regions. 
of the United States, or of the United States as a whole. There can 
be little doubt that rotation can be made much more effective in: 
increasing as well as in maintaining crop yields, not only in sections. 
in which fertilizer practices have become more or less permanently 
established, but as well in sections in which commercial fertilizers. 
are sparingly used, or are still practically unknown. 

Since it has been found that rigid or fixed rotations are very often 
more effective than the use of fertilizers in increasing the yields of 
such crops as wheat, corn, and oats, it seems reasonable to assume that 
properly planned, flexible rotations would prove even more effective 
im practical farming, both from the productivity and economic points 
of view. 
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This bulletin reviews a study of the effects of crop rotation and the 
use of fertilizers on the yields of crops, the primary objects being (1) 
to determine some definite measure of the value of crop rotation in 
crop production and (2) to compare the beneficial effects of rotation 
with those of the use of manure and complete chemical fertilizers in 
maintaining and increasing soil productivity. 

The maintenance of soil productivity depends in a large measure on 
three factors commonly referred to as farm practices: (1) Cultivation 
of the soil, (2) rotation of crops, and (3) the use of fertilizers. 

Three methods of study are suggested. One is discarded because 
of the assumptions involved; the other two methods, which are 
accepted, are Pally explained (pp. 3-10). 

The effects of crop rotation and the use of fertilizers on crop 
yields, as determined by the first mehod, in which evaluations are 
based on increases over the yields in continuous culture and rotation 
alone, are as follows: 

Results of 72 years on wheat at Rothamsted, England, show that, 
under the conditions of these experiments, crop rotation without 
fertilizers is somewhat more effective than the use of a heavy applica- 
tion of complete chemical fertilizer; whereas, in case of barley, 
rotation is a little less than 28 per cent as effective as the use of fer- 
tilizer. And further, rotation, when added to the use of fertilizer, is 
105.6 per cent as effective as the use of fertilizer when added to 
rotation; in other words, the relative value of rotation is 105.6 per 
cent. When rotation and the use of fertilizer are conjoined, the 
effects on the yields of wheat are somewhat less than fully additive; 
in the case of barley their conjoint effects are not additive (pp. 10-18). 

Under the conditions of the experiment at Columbia, Mo. (results 
for 30 years), the relative values of rotation alone, as based on the 
effectiveness of the use of fertilizer when practiced in the absence 
of rotation, are as follows: On wheat, corn, and oats, when fertilized 
with farm manure, 100 per cent, 102.7 per cent, and 53 per cent, 
respectively; and on wheat fertilized with complete chemical fer- 
tilizer, 54.7 per cent. When one practice is added to the other, the 
relative values for rotation in the manure series are as follows: Wheat, 
100 per cent; corn, 103.9 per cent; and oats, 33.7 per cent; and on 
wheat fertilized with chemical fertilizer, 36.4 per cent. When rotation 
and the use of fertilizer are conjoined their combined effects on crop 
yields in each case are somewhat less than fully additive (pp. 18-29). 

The tests at Wooster, Ohio, as reported for 25 years, show the 
relative values for rotation alone, as follows: On wheat, corn, and 
oats in the chemical-fertilizer series, 31.5 per cent, 54.5 per cent, and 
60.4 per cent, respectively; and on the same crops in the manure 
series, 37 per cent, 83.1 per cent, and 123.7 per cent, respectively. 

en one practice is added to the other, the relative values for rota- 
tion are as follows: On wheat, corn, and oats in the chemical-fertilizer 
series, 50.5 per cent, 55.4 per cent, and 62.5 per cent, respectively, 
and on the same crops in the manure series, 37.2 per cent, 80.8 per 
cent, and 124.9 per cent, respectively. When rotation and the use of 
fertilizers are conjoined the effects on crop yields are practically 
fully additive, except in case of the use of chemical fertilizer on wheat, 
where the conjoint effects are more than fully additive (pp. 29-38). 
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Under the conditions of the 16-year tests on tobacco at German- 
town, Ohio, crop rotation is from 12.5 per cent to 28.3 percent as 
effective as the use of chemical fertilizer and about 33 per cent as 
effective as the use of a 10-ton application of manure. When rota- 
tion and the use of fertilizer are combined, their effects are some- 
what less than fully additive (pp. 38-39). 

Under the conditions of the experiments on brown silt loam at 
Urbana, Ill., results for 14 years show that crop rotation without. 
fertilizer is 302.2 per cent as efficient as the combined use of manure, 
phosphate, and lime without rotation in effecting increases in the 
yield of corn (over check plot in continuous culture). When rota- 
tion is added to the use of fertilizers, the increase effected is 113.4 
per cent greater than when the use of fertilizers is added to rota- 
tion. When rotation and the use of fertilizers are conjoined their 
combined effects in increasing the yield of corn are more than fully 
additive (pp. 39-41). 

The 6-year results on cotton at Florence, S. C., show that rotation 
without fertilizers is 60.6 per cent as effective as the use of chemical 
fertilizer without rotation. | When one practice is conjoined with the 
other, rotation is only about 25 per cent as effective as the use of 
fertilizer in effecting mcreases in yield. Under the conditions of 
these experiments the combined effects of rotation and fertilizer are 
less than fully additive (pp. 41-44). 

The nature of the liming tests at Wooster, Ohio, and at Florence, 
S. C., made it possible to study the effect of soil reaction on the effects 
of crop rotation and the use of fertilizers in effecting increases in the 
yields of wheat, Indian corn, and oats (Wooster), and of cotton 
(South Carolina). These experiments show that an alteration or 
change in the soil reaction as effected by liming has increased the 
absolute and relative values for rotation when conjoined with the 
use of fertilizers—the average increase in the relative values over 
unlimed conditions being 23 per cent. This increase in the relative 
value for rotation due to liming is reflected in the increased additive 
effects when, on limed soils, rotation and the use of fertilizers are 
conjoined (pp. 44-54). 

If these long-time tests are typical of results showing the effects of 
liming, it would seem that the liming problem is primarily a clover- 
rotation problem (pp. 51-54). 

Summary of foregoing results: 

(1) Including all crops and all soils considered, crop rotation is 
practically 75 per cent as efficient as the use of fertilizer in effecting 
increases in crop yields. 

(2) In general, crop rotation js nearly 90 per cent as efficient as 
the use of fertilizer in effecting increases in the yields of wheat, corn, 
and oats. 

(3) Excluding such crops as clover, timothy, and cowpeas, the 
average relative effectiveness of rotation is practically 20 per cent 
higher on soils whose reactions have been altered or changed by 
liming, than on acid soils. 

(4) Except in case of barley at Rothamsted, the conjoint effects of 
rotation and the use of fertilizers on crop yields are additive—being 
often more than fully additive (pp. 55-56). 

When rotation evaluations are bded on the maintenance yields or 
the average yields obtained at the beginning of the experiments accord- 
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ing to the second method of study, results show that both crop rota- 
tion without the use of fertilizers and the use of fertilizers without 
rotation maintained the producing power of the soil, except in a 
few cases (pp. 57-58). 

In 5 of the 13 experiments considered, crop rotation without fertiliz- 
ers is equally or more effective than the use of fertilizer without 
rotation in increasing soil productivity. In the other 8 experiments 
it is shown that the use of fertilizer is the more effective. And fur- 
ther, in all cases, except the barley experiment at Rothamsted, the 
conjoint effects of rotation and the use of fertilizer are additive in 
effecting increases in soil productivity—in 10 of the experiments the 
effects being more than fully additive (pp. 59-60). 

The following facts concerning the value of crop rotation sum- 
marize all the results arrived at from both methods of study: 

(1) Rotation of crops, when practiced with and without the use 
of fertilizer, averages 75 per cent as effective as the use of fertilizer, 
in effecting increases in crop yields, or 90 per cent as effective 
as fertilizers when the results on wheat, corn, and oats, only are 
averaged. 

(2) In most cases, as determined by the conditions of the experi- 
ments considered, it has been found that rotation is 91.5 per cent as 
ee as the use of fertilizer in maintaining the producing power of 
the soil. 

(3) In increasing soil productivity, as measured from the mainte- 
nance yields, the effects of rotation alone have been found, at times, to 
equal or exceed the effects of the use of fertilizers. 

(4) The conjoint effects of rotation and the use of fertilizers are 
additive, as effecting increases in yields over the check plots in con- 
tinuous culture and rotation; or as effecting increases in soil pro- 
ductivity, when measured by increases above the maintenance yields. 

(5) A cavity or changing the acid reaction of a soil by ine 
increases the relative effectiveness of crop rotation. 

(6) On soils long under cultivation, highest yields are possible only 
when rotation of crops and the use of fertilizers are conjoined. 

The above facts point to the following principles of permanent soil 
productivity: 

(1) Crop rotation is so important a farm practice, especially in 
maintaining and increasing the yields of cereal crops, that its effective- 
ness may oiten equal or even exceed the effectiveness of the use of 
complete chemical fertilizer or farm manure. 

(2) The conjoint effects of crop rotation and the use of fertilizers 
are additive, as effecting increases in crop yields. 

(3) The relative efficiency of crop rotation is greater on soils 
naturally supplied with lime or on soils whose reactions have been 
altered or changed by liming than on soils that are acid in character. 
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